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ABSTRACT 
Surface plasmon resonance (SPR) is a powerful tool in probing interfacial events in that 
any changes of effective refractive index in the interface directly impact the behavior of surface 
plasmons, an electromagnetic wave, travelling along the interface. Surface plasmons (SPs) are 
generated only if the momemtum of incident light matches that of SPs in the interface. 
Observation of SPR can be achieved by either monitoring reflection via Kretchsmann 
configuration or enhanced transmission through nano-structured patterned substrates (for 
example, diffraction gratings). For Kretchsmann configuration, SPs resonate with particular 
frequencies of incident light and results in a decreased intensity in the reflection spectrum at 
corresponding wavelengths. For diffraction grating, enhanced transmission peaks at particular 
wavelengths is observed in that the SPs resonate with particular energies (eV) of incident light 
and tunnel through the nanostructure of gratings. This thesis focuses on tuning the behavior of 
SPs by changing the topology of diffraction gratings, monitoring the thickness of thin films by 
diffraction gratings, and use of dispersion images to analyze complex optical responses of SPs 
through diffraction gratings. 
Chapter 1 covers the background/principle of SPR, comprehensive literature review, 
sensor applications, control of SPR spectral responses, and sensitivity of SPR. In Chapter 2, we 
illustrate a chirped grating with varying surface topology along its spatial position. We 
demonstrated that the features of nanostructure such as pitch and amplitude significantly impact 
the behavior of enhanced transmission. In addition, we also illustrate the sensing application of 
chirped grating and the results indicate that the chirped grating is a sensitive and information rich 
SPR platform. In chapter 3, we used a commercial DVD diffraction grating as a SPR coupler. A 
camera-mounted microscope with Bertrend lens attachment is used to oberserve the enhanced 
 v 
 
transmission. We demonstrate that this system can monitor the SPR responses and track the 
thickness of a silicon monoxide film without using a spectrophotometer.  
Surface plasmons are a result of collective oscillation of free electrons in the 
metal/dielectric interface. Thus, the interaction of SPs with delocalized electrons from molecular 
resonance is complex. In chapter 4, we perform both experimental and simulation works to 
address this complex interaction. Detailed examination and analysis show nontypical SPR 
responses. For p-polarized light, a branch of dispersion curve and quenching of SPs in the Q 
band of zinc phthalocyanine are observed. For both p- and s-polarized light, additional 
waveguided modes are observed and the wavelength from different guided modes are dispersed.  
Diffraction gratings can provide complicated optical information about SPs. Both front 
side (air/metal) and back side (metal/substrate) provide SPR signals simultaneously. In chapter 5, 
we use dispersion images to analyze the complicated optical responses of SPR from an 
asymmetrical diffraction grating consisting of three layers (air/gold/polycarbonate). We illustrate 
that clear identification of SPR responses from several diffraction orders at front side and back 
side can be achieved by the use of dispersion images. Theoretical prediction and experimental 
results show consistency. We also show that only the behavior of SPs from the front side is 
impacted by the deposition of Langmuir-Blodgett dielectric films. 
In chapter 6, we construct a diffraction grating that has a fixed pitch and several 
amplitudes on its surface by using interference lithography. The purpose of this work is to 
examine how the amplitude impacts the behavior of transmission peaks. Different amplitudes are 
successfully fabricated by varying development time in the lithography process. We observed 
that largest (optimized) enhanced transmission peak shows as the amplitude approach a critical 
value. Transmission is not maximized below or beyond a critical amplitude. We also found that 
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transmission enhancements are strongly affected by the diffraction efficiencies. A maximum 
enhancement is observed as diffraction efficiency is largest where amplitude reaches the critical 
value. The experimental results are then compared to the simulation. 
 First, this work demonstrates that diffraction gratings have rich information of SPs. For 
example, rich optical responses of SPs can be acquired by the chirped grating. For another 
example, the information about the behavior of SPs can be acquired by tracking first order 
diffraction spots. All information can be utilized to monitor the thickness of ultra thin films 
formed on the gratings. Therefore, diffraction gratings represent a flexible and information-rich 
SPR platform. Second, the transmission peaks (or optical responses of SPs) can be tuned by the 
topology of the diffraction gratings. The resonant wavelengths of transmission peaks can be 
tuned by the pitches of gratings; the magnitude of peaks can be maximized by tuning the 
amplitudes of gratings. The control over transmission peaks allows ones to improve the 
performance of grating-based SPR sensors. Last, rich yet complex optical responses of SPs from 
diffraction gratings can be analyzed and indexed by the use of dispersion images.  Complex 
optical responses originate from simultaneous excitations of SPs from metal/air and 
metal/polymer interfaces. By the use of dispersion images, enhanced transmission from the front 
side interface (metal/air) and reduced transmission from the back side interface 
(metal/polycarbonate) can be identified and different modes of SPs can be indexed.
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CHAPTER 1.  INTRODUCTION 
The first published article reporting the observation of surface plasmon resonance was by 
R.W. Wood1. He observed a narrow dark band in the diffraction dispersion image when a metal 
grating was lit by polychromatic light. He reported this phenomenon as Wood’s anomaly but 
failed to explain and recognize the existence and excitation of surface plasmons (SPs). In 1957, 
Ritchie3 first proposed the existence of SPs and explained Wood’s anomaly as an optical 
phenomenon termed surface plasmon resonance in his pioneering work. In the following decade, 
devices using attenuated total refection to optically excite SPs were developed by Otto4 and 
Kretschmann5. Until 1983, the application of SPR was demonstrated by developing an optical 
gas sensor to detect the concentration of O2 and CO2
6. Since then, the importance of this optical 
phenomenon was widely studied and applied to various field in recent years2, 7-10. 
1.1 Applications of SPR sensors  
The applications exploiting SPR are diverse. In biosensing applications, SPR does not 
require a label and can detect direct binding events of biospecific molecules on a sensing surface. 
For example, carbohydrates (glycans) and their conjugates are important in many biological 
processes. The carbohydrate-recognized bindings in environments similar to living organisms 
with detection limits down to ~ nM has been reported11. Lectin-based immunoarrays have gained 
successful progress in diagnosing human chorionic gonadotropin glycosylation patterns12. Label 
free SPR sensors and immnoassays have been widely adopted to rapidly detect the presence of 
bacteria13. The immobilization methods for bacteria detection used in SPR sensing are mainly 
physical adsorption and covalent binding with different assay types13. Other examples include 
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protein detection14-16, detection of DNA by peptide nucleic acids17, hybridization of 
complementary strands of DNA and its kinetics18.  
Surface plasmon resonance is very sensitive to any refractive index change in the 
metal/dielectric interface, and this optical phenomenon has been used to detect the presence of 
ultra thin layer or change in thickness of layers. A recent work has demonstrated that the length 
of different alkane-thiolate on the gold coated grating can be distinguished by SPR16. SPR 
monitoring the degree of swelling of polymers in different solvents have been demonstrated20. 
Both the thickness of organic monolayer and its nanosctructed pattern have been measured and 
imaged21. 
SPR-based chemical sensors are widely used to detect different gas in environments. 
Chloro-fluoro-carbon (CFC) vapors deplete Ozone in the atmosphere. A gas sensor with a thin 
layer of polyfluorosiloxane, which specifically recognize CFC, was constructed to monitor the 
concentration of CFC22. In addition, detection of other gases such as NO2
23, O2
6, 24, 25,CO2
6, 25, 
and H2
26 has also been reported. 
In the food industry, Mycotoxin, a toxin produced by fungi, can contaminate the food 
chain and threaten human health. Detecting the presence of Mycotoxin is crucial for food safety. 
SPR-based sensors have been developed for determining Mycotoxin27. For example, Aflatoxins 
can be found in cereal, peanut, and milk, and it can be 100 times more toxic than KCN. The 
detection limit for Aflatoxins has reached 0.2 ng/g by SPR sensors using cocktail of anti-
mycotoxin antibodies28.  
In clinical diagnosis application, plasmonic optical-based sensors have been developed 
and reported. A low-cost, label-free, and sensitive screening of the microalbuminuria SPR sensor 
with dynamic range of 1 ng/ml to 1  micro-g/ml without sample purification has been 
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developed29. Fetal fibronectin is a biomarker to assess the risk of preterm birth, and early 
detection of fetal fibronectin can reduce perinatal morbidity and mortality. Chen et al.30 have 
developed a SPR biosensor to quantitatively measure fetal fibronectin concentrations. In 
addition, a SPR-based biomarker sensor has been demonstrated to detect Alzheimer’s disease31. 
Other important applications of SPR sensors are summarized in the following tables. The 
residue measurement of pesticide is crucial to the digestive human health. According to the 
regulation of the U.S. Environmental Protection Agency (EPA), atrazine and simazine 
concentration must be below 3 ng/ml and 4 ng/ml, respectively. Table1 shows the application of 
SPR to detect the concentration of pesticide residues. The detection of explosives is important to 
public transportation for the safety of air transportation. A reliable yet rapid detection of 
explosives is necessary (Table 2). A rapid and accurate pollutant monitoring ensures the minimal 
impact to environment and is shown in Table 3. Virus detection is critical to public hygiene and a 
preventive control of virus spread. Table 4 shows virus detection via SPR sensors. Detection of 
the existence and concentration of bacteria is important for public hygiene and food consumption 
(Table 5). 
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Table 1 Application in Pesticide Detection103 
Pesticide Assay format Detection limit Instrument Recognition 
element 
Atrazine32 Inhibition 
immunoassay 
0.05 ng/ml Biacore Monoclonal 
antibodies 
Atrazine33 Competition 
immunoassay 
using Atrazine- 
HRP-conjugate 
5 ng/ml Biacore 2000 Polyclonal 
antibodies 
Simazine34 Inhibition 
immunoassay 
1 ng/ml Biacore 2000 Polyclonal 
antibodies 
Table 2 Explosive Detection103 
Explosive Assay format Detection limit Instrument 
TNT32 Indirect competition 
immunoassay by 
physical adsorption 
of TNP-ovalbumin- 
conjugate 
0.09–1,000 ng/ml SPR-760 (Nippon 
Laser and 
Electronics, Japan) 
TNT32 Competition 
immunoassay using 
Atrazine- HRP-
conjugate 
0.09–1,000 ng/ml SPR-760 (Nippon 
Laser and 
Electronics, Japan) 
TNT32 Inhibition 
immunoassay 
1µg/ml Spreeta (Texas 
Instruments, USA) 
SPR-760 (Nippon 
Laser and 
Electronics, Japan) 
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Table 3 Pollutant monitoring103 
Pollutant Assay format Detection limit Instrument Recognition 
element 
2,3,7,8-
TetraChloro 
Dibenzo-p-
Dioxin34 
Competition 
immunoassay 
using 2,3,7,8-
TCDD- HRP-
conjugate 
0.1 ng/ml Biacore 2000 Monoclonal 
antibodies 
4-Nonylphenol37 Inhibition 
immunoassay in 
buffer 
2 ng/ml Biacore Q Monoclonal 
antibodies 
Phenol, 
hydroquinone, 
resorcinol, 
phloroglucinol, 
and catechol38 
Direct detection 
in buffer 
100 µg/ml Intensity 
modulation SPR 
Immobilized 
synthetic  
receptors in 
polymer and 
sol-gels 
Phenol39 Direct detection 
in buffer 
5µg /ml Multiscope SPR 
(Optrel,Germany) 
Immobilizing 
E. coli via 
synthetic 
cystein 
terminated 
oligopeptides 
Bisphenol A 
(BPA) 40 
Inhibition 
immunoassay in 
buffer by 
immobilizing 
the BPA on the 
sensor surface 
followed with 
monoclonal  
10 ppb SPR-20 
(DKK,Japan) 
Monoclonal 
antibodies 
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3, 30, 4, 40,5-
penta- 
chlorobiphenyl 
(PCB)34 
Competition 
immunoassay in 
buffer using 
PCB- HRP-
conjugate 
2.5 ng/ml Biacore 2000 Polyclonal 
antibody 
2-Hydroxy-
biphenyl 
(HBP)41 
Inhibition 
immunoassay 
using HBP-
BSA-conjugate 
and anti-HBP 
0.1 ng/ml Miniaturized 
SPR biosensor, 
1-1, Nakashima 
2-chome, 
Kokurakita-ku, 
Kitakyushu, 
Fukuoka, Japan 
(TOTO Ltd., 
Japan) 
Monoclonal 
antibody 
Cadmium, zinc, 
and nickel42 
Direct detection 0.1 µg/ml Biacore SPR Immobilized 
metallothinein 
cellular 
proteins on 
dextran 
Copper ions 
(CuCC) 
Direct detection 0.063 pg/ml Attenuated total 
reflection and 
angular SPR 
modulation 
Entrapped 
squarylium 
dye in a thin 
polymer layer 
 
 
 
Table 3 continued 
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Table 4 Virus Detection103 
Virus Assay Dtection limit Instrument 
Epstein-Barr virus43 Direct immunoassay 
in buffer and in 1% 
human serum 
0.2 ng/ml 
(1 pM) 
Custom-made 
wavelength 
division 
multiplexing 
Avian leucosis virus 
(ALV)36 
Direct immunoassay 
in buffer 
9.2 nM for direct 
assay, 4.39 nM for 
sandwich assay, 0.62 
nM for PAP method 
Wavelength-
modulated 
waveguide SPR 
Human immun-
odeficiency virus 
type 1 (HIV-1)36 
Using specific 
hybridization of 
immobilized 
biotinylated HIV-1 
oligonucleotide 
probe on the sensor 
surface to single-
stranded DNA 
amplified by 
polymerase chain 
reaction 
Proof existence. DL: 
N/A 
Biacore 1000 
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Table 5 Bacteria detection103 
Bacteria Matrix Assay Instrument Detection limit 
Escherichiacoli 
O157:H7 l44 
In buffer Sandwich 
immunoassay 
Biacore 5-7×107 cfu/ml 
Escherichiacoli 
O157:H744 
In buffer Inhibition 
immunoassay 
Biacore 0.1-
1×107cfu/ml 
Escherichiacoli 
O157:H745 
In buffer Inhibition 
immunoassay 
Spreeta, Texas  
Instruments, 
Sensata 
Technologies, 
Attleboro, MA 
8.7×106 cfu/ml 
Salmonella 
typhimurium46 
In buffer Direct 
immunoassay 
MultiscopeSPR 
(Optrel, 
Germany) 
102–109 cfu/ml 
Salmonella 
paratyphi40 
In buffer Direct 
immunoassay 
MultiscopeSPR 
(Optrel, 
Germany) 
102–107 cfu/ml 
 
1.2 Reviews of SPR 
Since SPR sensors are low-cost, sensitive, label free, selective to analytes/adsorbates, and 
offering real time monitoring, over five hundred papers had been published in a single year in 
2006, and the number of papers, plasmonic-specific textbooks47-57, and topics related to SPR still 
increase. The topics of reviews and publications are diverse and they include the principles of 
SPR8, 49, 56, 57, the design of SPR instruments48, 58, biosensor applications2, 59-61, optical 
phenomena originated from SPs7, 62, chemical sensors47, 50, and food science62, 63, different 
plasmonic responses by modifying nanopatterns in SPR sensors64, and medical diagnosis65. 
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1.3 SPR and Other Spectroscopies 
The plasmonic optical phenomenon of SPR can be combined with other spectroscopy 
methods to either improve the performance or extend the flexibility in applications. The 
sensitivity of surface-enhanced Raman scattering (SERS) can be optimized combined with 
SPR66. Surface-enhanced infrared absorption (SEIRA) spectroscopy is combined with SPR and 
used to detect specific fingerprints of biological analytes67. The combination of surface plasmon-
enhanced fluorescence spectroscopy (SPFS) to surface plasmon resonance can increase the 
sensitivity to several orders of magnitude68. A modified dark-field microscope by combining 
Rayleigh scattering spectroscopy with surface-enhanced resonance Raman scattering (SERRS) 
spectroscopy has been reported to optimize excitation conditions and clarify the mechanisms of 
SERRS69. Electrochemical SPR (ESPR) was developed to study the switch of tethered nucleic 
acid (PNA) conformation70. SPR together with acoustic wave methods was used to obtain 
information on density and viscosity of matters71. 
1.4 Principles of SPR 
The collective oscillation of electrons is surface plasmons (SPs)3-5, 72, and the conceptual 
scheme is shown in Figure 1. SPs are induced by the photons of incident light at specific 
matching conditions. However, not all wavelengths of incident light satisfy this matching 
condition. At matching conditions, the momentum of incident photons must match the 
momentum of SPs, and the momentum matching results in resonance between SPs and incident 
photons16. Thus, the energy carried by photons transfers to SPs which oscillate near the 
metal/dielectric interface. This resonance phenomenon is termed surface plasmon resonance. 
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The physics and mathematical expressions describing SPR derive from Maxwell’s 
equations. SP is an electromagnetic wave that propagates along the interface between metal and 
dielectric medium2, 7, 8. The propagating nature of SPs is a direct result of solving Maxwell’s 
equation with defined boundary conditions72. The electromagnetic fields describe SPs travelling 
along the x direction in the metal/dielectric interface are shown in Figure 1 and described by 
 
, where the bold face means vector, E is electric field, E is the magnitude of electric field, B is 
magnetic field, B is the magnitude of magnetic field, k is component of wavevector, and ω is 
angular frequency. The SPs are continuous in the interface and must obey Maxwell’s equation: 
∇ × Bi =
εi
c
∂
∂t
Ei
∇ × Ei = −
1
c
∂
∂t
Bi
Boundary Conditions:
Ex1 = Ex2  
By1 = By2   
kx1 = kx2
 
Substitute Eq. set (A) into Eq. (B), and the results have equation sets of component i and k: 
By1kz1 +
ε1ω
c
Ex1




i + By1kx1 +
ε1ω
c
Ez1




k = 0
−By2kz2 +
ε2ω
c
Ex2




i + By2kx2 +
ε2ω
c
Ez2




k = 0
 
z > 0
E2 = Ex2 exp i kx2x + kz2z − wt( )  i + Ez2 exp i kx2x + kz2z − wt( ) k
B2 = By2 exp i kx 2x + kz2z − wt( )  j
z < 0
E1 = Ex1 exp i kx1x − kz1z − wt( )  i + Ez1 exp i kx1x − kz1z − wt( ) k
B1 = By1 exp i kx1x − kz1z − wt( )  j
(B) 
(C) 
(D) 
(A) 
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Substitute Eq. set (A) into Eq. (C) and the arranged Eq. set is  
Ex1kz1 + Ez1kx1 = −
ω
c
By1
Ex2kz2 − Ez2kx2 =
ω
c
By2
 
From i component of Eq. set (D) and boundary conditions, the result has the form  
kz1
ε1
+
kz2
ε2
= 0  
For each medium, use corresponding equations from Eq. set (D) and (E), and the final result has 
a form representing both media 
kx
2 + kzi
2 =
ω
c




2
εi  
Solving Eq. (F) and (G) yields the dispersion relation 
kx =
ω
c
ε1ε2
ε1 + ε2
 
For the metal/air interface, the dispersion relation describes the SPs evanesce along the interface 
with limited propagation length and the momentum of SPs is expressed by equation (H). 
Additional information from Eq. (G) depicts that the z-direction vector field decays into metal 
and dielectric medium with limited penetration depth. 
 
 
 
 
 
 
(E) 
(F) 
(G) 
(H) 
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1.5 The platforms to excite SPR 
Several configurations or couplers can induce SPR. Figure 2 illustrates configurations 
which can support SPs. In Kretschmann configuration5 (Figure 2A), a thin metal film is 
deposited on a prism surface. Incident light with incident angle that is larger than critical angle is 
illuminated on the metal film. Since the incident angle is greater than critical angle, total internal 
reflection occurs (TIR) in the interface. TIR in the interface supports SPs and the light in the 
Figure 1 Illustration of SPs in the metal/dielectric interface. 
dielectric 
metal 
+++---+++--- 
ε
2
 
ε
1
 
x 
y 
z 
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interface and the SPs are evanescently tunneling through the metal/dielectric boundary. As a 
result, part of the reflection intensity is attenuated into SPs, and this “hybrid” term is called 
attenuated total internal reflection (ATR). In Otto configuration4, shown in Figure 2B, a vey thin 
layer of air gap is between the prism and a metal surface, and the photons tunnel through the air 
gap between the prism and the metal surface.  
Momentum matching conditions can be achieved by diffraction gratings and be shown in 
Figure 2C and 2D. Incident light is directed toward the metal surface of the gratings, and the 
pitches of the gratings are comparable to the wavelength of incident light. When the vector 
component of diffracted light whose wavevector matches the SP’s wavevector, SPR occurs. Both 
dielectric/metal interface and substrate/metal interface can support SPs if SPs can penetrate the 
metal layer. The grating-based SPR couplers have major advantages since the couplers can be 
mass-produced by injection molding, hot embossing, and lithography. Thus, grating-based SPR 
couplers open the door for low cost yet high-throughput platforms for SPR sensing. 
The principle to induce SPR using a waveguide (Figure 2E) is similar to the mechanism 
in the Kretschmann configuration. The light is guided by either a single or multi-layer (slab or 
channel) waveguide via ATR to a region with a thin metal-coated layer. Optical waveguide SPR 
sensors have attractive features, such as the simple control of the optical path in the sensor 
system, small sizes, and ruggedness. 
Last, metal nanoparticles (NPs) can serve as a platform to excite SPR by scattered light, 
which is termed localized surface plasmon resonance (LSPR)73. In principle, the conducting 
surface of NP interacts with incident light. This interaction induces SP along the surface of NP, 
and therefore SP is “localized” on the surface of each NP. From the basis of LSPR, a technique 
called nanolithography uses NPs as masks on a substrate and creates different nanopatterns74. 
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The disadvantages of this technique include low reproducibility, and high cost. Other types of 
couples include single nano-aperture75, periodic sub-wavelength nano-holes76, and nanoslit 
array77 on substrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2 Illustration of SPR Configuration. (A) Kretschmann configuration
Otto configuration, (C) ref
(E) and waveguied SPR. 
15
lection from gratings, (D) transmission from 
 
 
, (B) 
gratings, 
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1.6 The Tracking Parameters of SPR 
Several parameters can be used to track the behavior of SPs propagating along the 
metal/dielectric interface. These properties include amplitude, spectral response, phase, and 
polarization. For clarity, we only discuss the responses of reflected light via Kretschmann 
configuration. For angular modulation, a light beam with single wavelength illuminates the 
sample; the strongest matching condition is found by varying the incident light angle (Figure 3A, 
upper). Conversely, in wavelength modulation method, the sample is positioned at a fixed 
incident angle, and the strongest coupling wavelength is found in reflection spectra as shown in 
Figure 3B. At fixed wavelength and incident angle, change in intensity is used to determine 
reflection changes in interface (Figure 3B). Additional analyte or layer in the interface causes a 
phase shift in reflected light. Thus, at fixed incident angle and wavelength, the strongest 
matching condition can be determined as illustrated in Figure 3A. For polarization modulation, 
the principle is similar to ellipsometer spectroscopy, strongest coupling condition is determined 
by finding reflection minimum by a polarizer. 
  
Figure 3 Reflectivity and phase for light wave exciting an SPW in the Kretschmann 
geometry (SF14 glass prism –
incidence for two different refractive indices of t
wavelength for two different refractive indices of the dielectric (angle of incidence 54°)
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 50 nm thick gold layer – dielectric) versus (a) the ang
he dielectric (wavelength 682 nm), and (b) 
 
 
le of 
2 
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1.7 Sensitivity Evaluation 
The sensitivity of SPR sensors is defined as follows: 
 
where y is the parameter to be monitored such as intensity, wavelength shift, and resonant angle 
from reflection or transmission peak wavelength. x can be effective refraction index, thickness of 
adsorbates, or time. For example, nm RIU-1 refers to the derivative of the change in wavelength 
(red shift) to refractive index unit (RIU). The sensitivity can be analytically determined by 
solving Fresnel equations for prism type couplers. Rigorous coupled-wave theory (RCWA) 
determines the sensitivity of diffraction gratings. Table 6 shows the summary of calculation of 
sensitivity of different SPR couplers2. The parameters used in the theoretical calculation are: 
1. Prism is BK7. 
2. The thickness of gold is 50 nm. 
3. The refraction index of adsorbate is 1.32. 
4. The pitch and depth of gratings are 800 nm and 70 nm, respectively. 
The sensitivity of prism type SPR sensors by experiments has been studied78and 
reviewed2. The sensitivity of different parameters is studied and can be classified as following: 
1. Monitoring the reflection angles79, 80 
2. Tracking intensity of reflection light81, 82 
3. Measuring of wavelength of reflected light83. 
For example, a commercial instrument BIAcore, based on prism type, has the refractive index 
resolution to 3×10-7(1/RIU) via angular interrogation84. For grating-based SPR sensors, the 
sensitivity is also studied by experiments. The change in intensity has been verified85, 86 and 
reviewed2. For silver-coated gratings, the sensitivity of wavelength reaches 1000 nm RIU-187, and 
δ y
δ x
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the sensitivity of angular variation is ~ 100 degree RIU-187. For gold-coated gratings, 
experiments have been done in aqueous medium85, 86. The sensitivity of angular variation is 30 
degree RIU-1, and the sensitivity of intensity is 9 fold RIU-1.85, 86 
 
Table 6 Sensitivity Summary2 
Parameter monitored Angular Wavelength Intensity 
Unit of Sensitivity Degree/RIU nm/RIU % of light/RIU 
Wavelength of 
incident light 
630 nm 630 nm 630 nm 
Prism type SPR 
couplers 
191 970 3900 
Diffraction grating 
coupler 
43 309 1100 
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CHAPTER 2. WAVELENGTH TUNABLE SURFACE PLASMON 
RESONANCE-ENHANCED OPTICAL TRANSMISSION THROUGH A 
CHIRPED DIFFRACTION GTATING  
                         Analytical Chemistry, 82 4988-4993 (2010) 
                 Wei-Hsun Yeh, Justin Kleingartner, Andrew C. Hillier 
2.1 Abstract 
We report the construction and testing of a chirped diffraction grating, which serves as a 
substrate for surface plasmon-enhanced optical transmission. This grating possesses a spatial 
variation in both pitch and amplitude along its surface. It was created by plasma oxidation of a 
curved poly(dimethoxysilane) sheet, which resulted in non-uniform buckling along the polymer 
surface. A gold-coated replica of this surface elicited an optical response that consisted of a 
series of narrow, enhanced transmission peaks spread over the visible spectrum. The location and 
magnitude of these transmission peaks varied along the surface of the grating and coincided with 
conditions where surface plasmons were excited in the gold film via coupling to one or more of 
the grating’s diffracted orders. A series of measurements were carried out using optical 
diffraction, atomic force microscopy, and normal incidence optical transmission to compare the 
grating topology to the corresponding optical response. In addition, the impact of a thin dielectric 
coating on the transmission response was determined by depositing a thin silicon oxide film over 
the grating surface. After coating, wavelength shifts were observed in the transmission peaks, 
with the magnitude of the shifts being a function of the film thickness, the local grating structure, 
and the diffracted order associated with each peak. These results illustrate the ability of this 
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surface to serve as an information-rich optical sensor whose properties can be tuned by control of 
the local grating topology. 
2.2 Results and Discussion 
 The interaction of light with nanostructured objects, particularly those containing 
metals, can produce a variety of unique and useful optical phenomena.1,2 Examples include 
enhanced optical transmission,3 super focusing through nanoapertures,4,5 optical waveguides via 
nanoparticle chains,6 and enhanced light generation in light emitting diodes via nanoscale optical 
coupling.7 The origins of many of these optical phenomena can be traced to the excitation and 
propogation of surface plasmons in the nanostructured metal objects.2 Notably, surface plasmon 
effects have been exploited in a variety of sensing applications.8-11 Nanostructure-based 
plasmonic sensing has been achieved with nano-hole arrays,12,13 single nanometric holes,14 
nanoslit arrays,15 and various grating-type and diffractive nanostructures.16-20 
The construction of nanostructured optical elements for plasmonic sensing can be 
achieved with a variety of processing techniques.8 In addition to traditional top-down lithography 
methods, electron beam lithography and focused ion beam machining have been used to 
construct ordered and complex nanostructures.4,12,21 Solution phase self-assembly techniques, 
including nanosphere22,23 and colloidal24 lithography are well-suited for creating ordered 
nanostructure arrays. Soft lithography using elastomeric stamps has also been used to construct 
nanostructures.25 Another source of nanostructured surfaces capable of supporting surface 
plasmon excitation are diffraction gratings. Gratings are advantageous in that they are 
commercially available in a variety of forms, either as optical elements used for spectroscopy or 
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as CDs, DVD and blue-ray discs. In addition, gratings can be readily created via laser-based 
interferometry techniques.19,26,27 
Grating-based SPR sensing has become increasingly popular due to several key 
advantages.9,28 Gratings represent an inherently information-rich substrate due to surface 
plasmons appearing in not only the directly reflected or transmitted peaks, but also in the various 
diffracted orders.27 In addition, the plasmon response is highly tunable based upon the size and 
shape of the grating topology. Indeed, changing the amplitude, shape or pitch of the grating 
profile has a dramatic effect on the wavelength and shape of the plasmon resonance.19,29,30 Thus, 
this substrate represents a highly flexible and tunable platform for sensor development. 
 We previously demonstrated that a diffraction grating constructed from a 
commercial DVD supported surface plasmon enhanced light transmission when coated with a 
thin gold film.20 This enhancement consisted of narrow peaks in the visible spectrum, whose 
central wavelength could be tuned by simple rotation of the grating. This surface plasmon-
enhanced transmission resulted in a surface that was highly sensitive to the local refractive index 
near the gold interface and, thus, could be used in optical sensing applications. Measurement of 
the thickness of several alkane-thiolate monomolecular thin films and detection of the formation 
of an antigen-antibody complex of BSA-antiBSA was demonstrated using this sensing method.20 
 In the work described here, enhanced optical transmission is demonstrated using a 
grating with chirped surface profile. We constructed chirped gratings using a technique based 
upon the surface buckling that occurs following oxidation of elastomeric films such as 
poly(dimethylsiloxane) PDMS (experimental details are provided in Supplementary 
Information).31,32 Briefly, ~2 mm thick PDMS sheets were cast and cut into 25 x 75 mm pieces. 
These were then bent along their long axis, clamped in an elongated circular fixture, and exposed 
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to a oxygen plasma for a period of ~4 min. Following plasma treatment, the fixture was removed 
and the PDMS pieces were allowed to relax back to a planar shape. This resulted in spontaneous 
buckling of the PDMS surface to produce a sinusoidal relief pattern, whose amplitude and pitch 
varied along the sample surface.31 Control of the pitch and amplitude of the surface buckling was 
achieved by control of the curvature and the sample oxidation time. The largest surface buckling 
(greatest pitch and amplitude) occurred where the PDMS surface had the largest curvature (i.e., 
at the center of the bend). The buckling decreased in magnitude to leave a smooth topography at 
the far edges of the sample, where the surface had remained flat during oxidation. Limiting the 
oxidation time to ~4 min produced an oxide thickness that created surface undulations with pitch 
values between 500 and 1500 nm. Longer oxidation times result in larger pitch values.31,33 
 An optical image of a PDMS film shows a color pattern illustrating the diffractive 
nature of the nanoscale surface buckling (Fig.1A). In the center of the sample (denoted by the 
white line), a gradual color change is observed along the x-axis (buckling direction) that varies 
gradually from clear to green to red and then back again. The reflected colors are due to optical 
diffraction and reflect the changing surface buckling along the surface. The central 50% of the 
sample shows this consistent pattern, while the outer 25% (top and bottom) show a more non-
uniform color pattern. The outer edges of the sample buckled in a more non-uniform manner 
than the center. We suspect that this “edge effect” was the result of changes in the stress 
distribution near the edge of the sample and also from  
 
 
 
 
  
 
 
 
 
 
Figure 1 (A) Optical image showing reflection from a chirped diffraction 
grating made from oxidized PDMS elastomer
central path along sample used in subsequent measurements.
indicates the bend axis and, thus, the direction of surface buckling. In 
subsequent figures, the x-
diffraction images (inverted contrast) acquired from transmission of 630 nm 
light at various x-positions along the center of
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axis is used to denote this direction. (B) Optical 
 the diffraction grating. 
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oxidation of both the top and the sides of the PDMS in this region. Consequently, all subsequent 
measurements were performed only along the center line of the sample (denoted by the white 
line in Fig.1A). 
A clearer indication of the periodic nature of the surface can be seen using optical 
diffraction. Fig.1B depicts a series of optical diffraction images acquired at several x-positions 
along the central region of the PDMS sample (experimental details are provided in 
Supplementary Information). These images were acquired using an optical microscope having a 
Bertrand lens attachment, which focuses a Fourier spectrum of the sample image on the 
microscope’s imaging plane.34,35 The far left side of the sample, indicated by the bottom 
diffraction panel in Fig.1B (x = 0 mm), displays a diffuse diffraction pattern with a single, 
central spot corresponding to directly transmitted light. This diffraction image reflects the lack of 
periodic order on the surface. The next panel (x = 6 mm) shows two clear spots at the left and 
right sides of the central spot corresponding to first order diffraction. The spacing of these spots 
is ~1.7 µm-1, which reflects an average period of surface buckling at ~600 nm. Additional 
diffraction images acquired along the length of the buckled region show first order diffraction 
spots with an initially large spacing, indicating a small pitch value for the surface bulking. As the 
center of the PDMS sample is approached (x = 18 mm), the spacing of the first order diffraction 
peaks decreases and achieves a minimum value of ~0.75 µm-1, corresponding to a maximum 
pitch of ~1450 nm. Additional diffraction images acquired along the sample to the right of center 
show the spacing for the first order diffraction spots increasing again, indicating a decrease in the 
surface pitch. The diffraction spots disappear at the far right side of the sample (x = 30 mm) 
where the surface once again becomes flat. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1 Schematic of chirped diffraction grating and optical configuration. The 
grating pitch and amplitude (buckling) increase towards the center of the sample. 
The buckling direction (x
that direction. 
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-axis) is noted and p-polarized light is oriented along 
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These optical diffraction images illustrate a variable surface profile due to the nonuniform 
surface buckling of the PDMS. 
In order to use this sample for surface plasmon experiments, a rigid, gold-coated replica 
of this grating was created (see details in Supplementary Information). Scheme 1 shows a 
schematic of the replica of the chirped diffraction grating with a ~40 nm gold coating. In this 
schematic, both the pitch and amplitude of the grating vary as a function of distance along the 
sample surface. Details of this surface topology, including both the pitch and amplitude of the 
gold-coated replica, were further verified with atomic force microscopy (Fig.2A). An image 
from the far left side of the sample at x = 0 mm shows a nominally flat surface. The surface 
buckling associated with the chirped grating surface is evident at x = 16 mm. The image shows a 
series of ridges and valleys and indicates that the shape of the surface buckling follows a 
sinusoidal pattern.  
A summary of the AFM measurements is given in Fig.2B, where the pitch of the grating 
and the amplitude of the surface buckling are plotted as a function of position along the sample 
surface. At the far left (x < 5 mm) and right (x > 25 mm), no noticeable surface undulations were 
observed. At x = 5 mm, surface buckling is first observed, with a small amplitude of < 15 nm 
and a pitch of ~600 nm. Gradual increases in both the pitch and amplitude of the surface 
buckling occur when moving along the sample to the right. Maxima in both parameters are 
observed at x = 19 mm, where the pitch is 1475 nm and the amplitude is 245 nm. Additional 
measurements to the right of this position exhibit decreases in the magnitude of both the pitch 
and amplitude until the surface becomes smooth again at all positions of x > 25 mm.  
  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2 (A) Atomic force microscope (AFM) images of gold
chirped diffraction grating at positions of x = 0 and x = 16 mm along the 
sample surface. (B) Summary of pitch (open circles) and amplitude 
(filled squares) as measured by AFM along the sample x direction.
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Previous studies have shown that diffraction gratings can excite surface plasmon 
resonance, and the details of this coupling are highly sensitive to the pitch19,29 and the 
amplitude30 of the grating. The orientation of the grating can also be used to modify the 
resonance condition and tune the wavelength in which coupling to surface plasmons occurs.20 
Since the chirped diffraction grating developed here possesses a variation in both pitch and 
amplitude as a function of position, it is anticipated that this will result in a variable surface 
plasmon coupling along the surface of the sample. Fig.3 depicts a series of measurements from 
optical transmission experiments that show this very behavior. The optical transmission data is 
given as the ratio of transmitted p-polarized to s-polarized light (Tp/Ts), and regions where 
surface plasmon excitation occurs is observed as an enhancement of this ratio over the nominal 
value of 1. Similar results were also obtained by using a flat region of the gold-coated sample as 
a reference for the p-polarized transmission spectra. All measurements were performed at normal 
incidence (Scheme 1), where p-polarization is defined as light polarized parallel to the buckling 
direction (x-axis), or perpendicular to the ridges on the buckled surface. 
Transmission spectra through the grating at several different surface locations are shown 
in Fig.3A. At the far left of the sample where the surface is flat, a uniform transmission of Tp/Ts 
= 1 is seen. The transmission changes markedly at locations further along the sample. At x = 10 
mm, where the pitch and amplitude of the grating are 810 nm and 120 nm, respectively, two 
transmission peaks are seen. A small peak is observed at ~ 550 nm and a larger peak is seen with 
a maximum near 850 nm. The origin of these peaks can be deduced by considering the 
momentum matching condition between the wavevector of the surface plasmons (ksp) with that 
of the incident p-polarized light interacting with the diffraction grating (kgr) as given in Eqn.1. 
     	
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At an incident angle of θ = 0°, this equality may be satisfied by several different 
diffracted orders (m) for a given value of the grating pitch (Λ) and dielectric constants for metal 
(εΜ = εM
' + ε M
'’) and dielectric (εD) layers. At a grating pitch of Λ = 810 nm, for example, the 
first diffracted order (m = 1) will satisfy this momentum matching condition for a gold coating in 
air at λ ~ 820 nm, while the second diffracted order (m = 2) will satisfy this condition at λ ~ 500 
nm. Thus, the two peaks seen in the transmission spectrum at x = 10 mm are due to excitation of 
surface plasmons via the first and second diffracted orders at the corresponding surface pitch.  
 Transmission spectra from additional locations along the surface illustrate the 
impact of the surface profile on the plasmon coupling. With increasing grating pitch, the 
excitation peaks for a given diffracted order shift to longer wavelengths, which is consistent with 
Eqn.(1). At x = 12 mm, for example, the first order peak has shifted ~100 nm to the right and the 
maximum has moved to edge of the spectrometer’s data window (~ 950 nm). The second order 
peak has also shifted to the right, with its maximum now located near ~600 nm. In addition to the 
red-shifting of the peak positions, the magnitude of the enhanced transmission has also increased 
due, in part, to the increase in grating amplitude. Additional measurements at x = 14, 16 and 18 
mm show the shifting of the m = 2 peak from its original location at ~ 550 nm to > 900 nm. The 
magnitude of this peak has also grown to give an enhancement in the p-polarized transmission 
response of over 8 times (> 800%). At x = 16,  
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 3 (A) Selection of transmission spectra (T
along the center of the gold
of transmission spectra (T
mm along the center of the gold
order (m) associated with each transmission peak is noted on the figures.
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an additional peak is observed at ~550 nm, which is due to surface plasmon excitation via the 
third (m = 3) diffracted order. At x = 18 mm, three peaks appear at ~900, 670 and 530 nm, 
corresponding to the m = 2, 3 and 4 diffracted orders. 
A summary of these measurements is shown as a two-dimensional image in Fig.3B 
depicting Tp/Ts versus wavelength as a function position along the sample surface. At the far left 
side of the sample, the transmission response is uniform with Tp/Ts= 1, indicating the lack of 
enhanced transmission, as would be expected for this flat surface. A number of transmission 
peaks are observed when approaching the central region of the sample. The series of peaks 
corresponding to the m = 1, 2, 3 and 4 diffracted orders are identified on the plot. In this sample, 
the transmission peaks due to the m = 2 diffracted order are the most pronounced and exist over a 
large region of the sample. It is expected that coupling to the m = 1 order would also be quite 
large, but those peaks quickly move into the near-infrared region and, thus, are not observed by 
our detector. 
In a typical surface plasmon resonance-based sensor system, a sample is interrogated at a 
single orientation, sample geometry, and wavelength. In contrast, the chirped sample 
construction described here allows the design of very information rich measurements, where one 
can acquire numerous signals of sample perturbation in a single experiment. In particular, this 
chirped grating construction, where a multitude of grating pitch values are presented, provides 
simultaneous information about changes in the plasmon resonance condition over a large portion 
of the visible spectrum and simultaneously at several different diffracted orders, each of which 
are expected to provide a different sensitivity to changes in refractive index. 
 
 
  
 
 
 
 
 
 
Figure 4 (A) Transmission spectra at x = 14 mm with (open squares) and 
without (solid line) 26 nm SiO film. (B) Transmission spectra at x = 16 mm 
with (open squares) and without (solid line) SiO film. (C) Subtraction image 
showing difference in transmissio
without SiO film as a function of x
shift in peak wavelength for grating orders m = 1, 2 and 3 with (open 
squares) and without (lines) SiO film as a function of measured grati
pitch. 
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As a test of the ability of this chirped grating to serve as a thin film sensor, a coating of 
silicon oxide (SiO) was evaporated over the grating surface to a thickness of ~26 nm, as verified 
with atomic force microscopy. Shifts in the transmission peaks at various locations along the 
grating were then recorded. Fig.4A and B illustrate transmission measurements at 
two locations (x = 14 and 16 mm) before and after coating of the SiO film. At x = 14 mm, a 
single peak corresponding to surface plasmon excitation from the m = 2 order is seen. Following 
film coating, the peak shifts to longer wavelengths by ~58 nm. At x = 16 mm, two peaks appear 
due to the m = 2 (780 nm) and m = 3 (570 nm) diffracted orders. Both peaks shift to longer 
wavelengths by 70 nm (m = 2) and 55 nm (m = 3), respectively. These results clearly show that 
the transmission peaks are sensitive to the presence of a thin film or, more generally, to a change 
in the refractive index of a dielectric layer near the gold surface.  
A more complete view of the response of this chirped grating to the SiO film coating can 
be seen in the image in Fig.4C. This figure depicts the difference in transmission (∆Tp/Ts), as 
determined by subtracting the optical response of the bare gold grating from that of the grating 
with the SiO film, as a function of position on the left side of the sample (0 < x < 20 mm). In this 
image, the transmission peaks from Fig.3B are replaced with a pair of peaks reflecting the shift 
in wavelength due to the SiO film. The intensity of the peaks in Fig.4C reflect the magnitude of 
the transmission, while the difference between the positive (red) and negative (blue) peaks 
reflects the magnitude of the peak shift. Notably, the amount of the shift for a given peak is 
related to the sensitivity of a given transmission peak to the change in refractive index resulting 
from the SiO film.  
In Fig.4C, it is clear that the peaks due to all four of observed diffracted orders (m = 1,2,3 
and 4) red-shift in response to the SiO film. In addition, the magnitude of the shifts varies over 
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the sample. This behavior is summarized in Fig.4D, which plots the peak positions with and 
without the SiO film as a function of the substrate pitch. These points were determined by fitting 
the transmission peaks to a Gaussian function in order to accurately determine the peak 
wavelength, and then mapping those values to the measured pitch values corresponding to that 
sample location. The most notable feature in these data is that the sensitivity, or the magnitude of 
the shift in peak wavelength, differs for each of the diffracted orders. Indeed, comparing the 
average wavelength shift for this 26 nm SiO film gives values of 143, 68, and 43 nm for the 
diffracted orders m = 1, 2 and 3. This suggests that for a given pitch value, the peak 
corresponding to the lowest diffracted order gives the highest sensitivity. This can be explained 
by considering the coupling condition described in Eqn.(1). The wavelength sensitivity can be 
deduced by solving this relationship at the wavelength where grating coupling occurs (λG-spr) and 
taking the derivative with respect to changes in refractive index of the dielectric layer (nD). A 
complete analysis of this sensitivity has been considered previously,28 so only a simplified view 
will be given here. The sensitivity of the transmission peaks for the grating (SGλ) can be shown 
as in Eqn.(2). 
     !  Λ" 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Where the dielectric constant of the dielectric layer is written in terms of the refractive 
index (εD= nD
2). The right hand term within the square brackets in this expression approaches a 
constant value equal to nD at longer wavelengths, where the real part of the metal’s dielectric 
constant (ε’M) becomes large and negative.
36 This condition is reached as the coupling 
wavelength exceeds the plasma wavelength (λ > λp) of the metal. In this limit, the sensitivity can 
be written in a simplified form (Eqn.3). 
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Thus, the wavelength sensitivity for the grating to changes in the refractive index in the 
dielectric layer is a function of both the pitch and order of the grating. Increasing the grating 
pitch increases the sensitivity, while increasing the diffracted order decreases the sensitivity. For 
the purposes of the work described here, this means that for a given grating pitch value, the 
peaks corresponding to the lowest diffraction orders have the highest sensitivity, and this 
sensitivity decreases inversely with increasing diffracted orders. This response is consistent with 
the average values of 143, 68, and 43 nm as noted earlier for the average peak shifts for the 
diffracted orders m = 1, 2 and 3. Another way to write Eqn.(3) is an equivalent expression in 
terms of coupling wavelength and refractive index (Eqn.(4)). 
 & '()*+        (4) 
This expression reflects an increasing sensitivity at longer wavelengths, and a decreasing 
sensitivity with increasing refractive index of the dielectric layer. A comparison of Eqn.4 and 
Eqn.3 indicates that coupling at a given wavelength could be achieved with several different 
pitch/order combinations, such as Λ/m = 1500/2 = 750 nm or Λ/m  = 750/1 = 750 nm, and each 
would have the same sensitivity for a given refractive index change. 
2.3 Conclusion 
The optical properties of nanostructured objects pose considerable promise for the 
development of simple, yet highly robust and sensitive analytical sensors. In this work, we have 
described a nanostructured chirped diffraction grating, which can serve as an information-rich 
surface plasmon-based optical sensor. The presence of numerous transmission peaks in a single 
sample, which are due to changing surface topology as well as originating from several 
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diffracted orders, provides a wealth of information about a surface film. In addition to providing 
redundancy to the measurement, this added information could be used to expand the capabilities 
of plasmon sensing. For example, with a single wavelength SPR measurement, one must assume 
a refractive index in order to determine a film thickness. With a two-wavelength measurement, 
both refractive index and thickness can be determined. However, with peaks appearing at a 
multitude of wavelengths as occurs with this chirped grating, a data set is provided that could be 
used to accurately determine the optical properties of a film, including thickness and wavelength-
dependent refractive index, over a large region of the visible spectrum. Thus, this could also be 
used as a spectroscopic tool. We anticipate that these types of nanostructured sensors will have 
increasing utility in various sensing applications due to their sensitivity, flexibility, and ability to 
be readily adapted into array-type imaging systems. Grating-based strategies for optical sensing 
also have the advantage of being based upon a mature, inexpensive, yet highly flexible 
technology for grating fabrication that could be used in the development of a variety of sample 
formats. 
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2.5 Supporting Information 
2.5.1 Method: Chirped Grating Construction 
 We constructed gratings with a chirped profile using a technique based upon the surface 
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buckling that occurs following oxidation of elastomeric films such as poly(dimethylsiloxane) 
PDMS. Briefly, ~2 mm thick PDMS sheets were cast and cut into 25 x 75 mm pieces. These 
were then bent along the long axis and clamped in a fixture possessing a slightly elongated semi- 
circular shape. The PDMS film and fixture were placed in an oxygen plasma (Harrick Scientific) 
for a period of ~4 min. Following plasma treatment, the fixture was removed and the PDMS 
pieces were allowed to relax back to a planar shape. Upon relaxation, the surface of the PDMS 
spontaneously buckled to produce a sinusoidal relief pattern whose amplitude and pitch varied 
along the sample surface. This buckling has been shown to be the result of a stress-relief 
mechanism associated with the oxidized PDMS surface. The pitch and amplitude of the buckling 
are a function of the oxide thickness and the curvature of the sample during oxidation. These 
features can be controlled by manipulating the sample curvature and the oxidation time.  
 In the sample described in this work, the largest surface buckling occurred where the 
PDMS surface had the largest curvature and, thus, experienced the greatest strain (i.e., at the 
center of the bend). The buckling decreased in magnitude to leave a smooth topography at the far 
edges of the sample, which is where the surface had remained flat during oxidation. Limiting the 
oxidation time to ~4 min produced an oxide thickness that created surface undulations with pitch 
values between 500 and 1500 nm. Longer oxidation times result in larger pitch values.  
2.5.2 Methods: Grating Replica 
The “rainbow tinted” PDMS sheet was silanized by (tridecafluoro-1,1,2,2-tetrahy- 
drooctyl)trichlorosilane (Gelest Inc.) vapor. A UV curable polyurethane (NOA68, 
NorlandProducts, Inc.) was carefully poured on the silanized surface to avoid bubbles. The 
sample was exposed to UV light for ~ 15 minutes. After UV curing, the solid polyurethane film 
was carefully peeled off. The PDMS sheet was stored in a desiccator for future replication. The 
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replicate solid PU film was deposited with a gold film with thickness of ~ 40 nm by thermal 
evaporation. 
2.5.3 Methods: Optical Diffraction 
Methods: Optical Diffraction 
Optical diffraction images were acquired using an optical microscope (Olympus B41) in 
transmission mode, a white light source with a bandpass interference filter centered at 630 nm 
(Edmund Optics), and a Bertrand lens attachment on the microscope. The Bertrand lens focuses a 
Fourier spectrum of the sample image on the microscope’s imaging plane to allow capture of 
optical diffraction data.  
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CHAPTER 3 DIFFRACTION-BASED TRACKING OF SURFACE 
PLASMON RESONANCE ENHANCED TRANSMISSION THROUGH A 
GOLD-COATED GRATING 
                               Analytical Chemistry, 83 6047-6053 (2011) 
                      Wei-Hsun Yeh, Joseph W. Petefish, Andrew C. Hillier 
3.1 Abstract 
Surface plasmon resonance enhanced transmission through metal-coated nanostructures 
represents a highly sensitive yet simple method for quantitative measurement of surface 
processes and is particularly useful in the development of thin film and adsorption sensors. 
Diffraction-induced surface plasmon excitation can produce enhanced transmission at select 
regions of the visible spectrum, and wavelength shifts associated with these transmission peaks 
can be used to track adsorption processes and film formation. In this report, we describe a simple 
optical microscope-based method for monitoring the first-order diffracted peaks associated with 
enhanced transmission through a gold-coated diffraction grating. A Bertrand lens is used to focus 
the grating’s diffraction image onto a CCD camera, and the spatial position of the diffracted 
peaks can be readily transformed into a spectral signature of the transmitted light without the use 
of a spectrometer. The surface plasmon peaks appear as a region of enhanced transmission when 
the sample is illuminated with p-polarized light, and the peak position reflects the local dielectric 
properties of the metal interface, including the presence of thin films. The ability to track the 
position of the plasmon peak and, thus, measure film thickness is demonstrated using the 
diffracted peaks for samples possessing thin films of silicon oxide. The experimental results are 
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then compared with calculations of optical diffraction through a model, film-coated grating using 
the rigorously coupled wave analysis simulation method. 
3.2 Introduction 
Coupling of light with nanostructured objects leads to a variety of unique and potentially 
useful optical phenomena.1 Some of the more interesting examples involve the coupling of light 
to nanostructured metal surfaces, which can lead to what is known as enhanced or extraordinary 
optical transmission.2 The origins of enhanced transmission through metal films can be traced to 
the excitation of surface plasmons (SPs) in the nano- structured metal interface.1b The high 
sensitivity of these SPs to the local dielectric conditions at the metal interface can be exploited in 
sensor development.3 Examples of nanostructure-based plasmonic sensing include 
nanostructures consisting of nanohole arrays,4 single nanometric holes,5 nanoslit arrays,6 and 
various grating-type and diffractive nanostructures.7 
A variety of fabrication strategies can be used to create nano-structured optical elements 
ranging from electron beam lithography to colloidal nanosphere lithography.4a,8 Beyond these 
specialized methods, one can exploit the features of commercially available diffraction gratings 
as nanostructured elements. Indeed, optical sensors and SP-based sensing platforms that exploit 
gratings have become increasingly popular.9 Gratings represent an inherently information- rich 
substrate due to SPs appearing not only in the directly reflected and transmitted peaks, but also in 
the various diffracted orders.10 In addition, the SP response is highly tunable on the basis of the 
size and shape of the grating surface. Indeed, changing the amplitude, shape, or pitch of the 
grating profile has a dramatic effect on the details of SPs.7d,11 Thus, this substrate represents a 
highly flexible and tunable platform for sensor development. 
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We and others have previously demonstrated that a diffraction grating constructed from a 
commercial DVD supported SP-enhanced light transmission when coated with a thin metal 
film.7e,12 The observed enhanced transmission consists of narrow peaks in the visible spectrum, 
whose central wavelength can be tuned by simple rotation of the grating. In the work presented 
here, we describe a simple optical microscope-based method for monitoring the first-order 
diffracted peaks associated with enhanced transmission through a gold-coated diffraction grating. 
We illustrate how peaks associated with SP excitation can be observed by tracking the light 
transmitted through the ±1 diffracted orders. Diffracted light is monitored by using a Bertrand 
lens to focus the grating’s diffraction image onto a CCD camera.13 The spatial position of the 
diffracted peaks are then transformed through a simple calibration procedure into a spectral 
signature of the transmitted light without the use of a spectrometer. The ability to track the 
position of the plasmon peak and, thus, measure film thickness using the diffracted light is 
demonstrated for thin films of silicon oxide. The experimental results are then compared with 
calculations on the basis of an optical model of the grating interface as determined using the 
rigorously coupled wave analysis simulation method. 
3.3 Experimental Section 
3.3.1 Material and Reagents 
Absolute ethanol and nitric acid were purchased from Sigma Aldrich (St. Louis, MO). All 
chemicals and reagents were used as received. Deionized water with electrical resistivity greater 
than 18 MΩ•cm was used during rinsing and cleaning procedures (NANOPure, Barnstead, 
Dubuque, IA). Recordable digital versatile discs (DVD-R, 4.7GB) were purchased from Inkjet 
Art Solutions (Salt Lake City, UT). Gold (99.999%) and tungsten wire baskets were purchased 
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from Ted Pella, Inc. (Redding, CA). Silicon monoxide (SiO) with purity of 99.9% was purchased 
from GERAC (Milwaukee, WI).  
3.3.2 Grating Construction 
Two different gratings were used in this work. The first was a commercial holographic 
transmission grating with a 1000 nm pitch (Edmund Optics). The second was prepared from a 
commercial DVD-R and coated with a thin (~ 40 nm) layer of gold. Preparation of the metal-
coated grating has been described previously (details in the Supporting Information).7e SiO films 
were formed on the gold grating via vacuum evaporation under conditions similar to gold coating 
(Supporting Information). Film thicknesses and composition were confirmed using atomic force 
microscopy (AFM) imaging, ellipsometry, and infrared reflection absorption spectroscopy 
(IRRAS) (details of methods in the Supporting Information). 
  
 
 
 
Scheme 1 Schematic of 
plasmon resonance enhanced transmission through 
associated with direct and diffracted light
(T) orders) using an optical microscope. The Bertrand lens is inserted to 
focus the rear focal plane (diffraction image) on
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3.3.3 Optical Characterization 
Optical transmission measurements were performed using an optical microscope 
(Olympus model B41) in transmission mode with a broadband, white light source. A schematic 
of the optical train (Scheme 1) illustrates the major components. The light source consisted of a 
150 W tungsten-halogen bulb with the standard infrared filter re- moved. Control of the incident 
light polarization (with respect to the grating direction) was achieved using a linear polarizer 
between the light source and the aperture diaphragm. Light was focused onto the sample using a 
condenser lens. The sample was mounted to a mechanical translation stage for xyz movement. A 
100× microscope objective was used to focus the sample image into the observation tube. The 
microscope’s detector consisted of either a CCD camera (Thorlabs) or a fiber-optic spectrometer 
(Ocean Optics). Collection of the sample’s diffraction image was achieved by inserting a 
Bertrand lens into the observation tube. The Bertrand lens focuses the sample’s Fourier image, 
which is located at the rear focal plane, onto the microscope’s imaging plane to allow capture of 
optical diffraction data with the CCD detector. Subsequent data analysis was performed using 
ImageJ. 
3.3.4 Optical Modeling 
The optical response of the film-coated grating was modeled using the rigorously coupled 
wave analysis (RCWA) method. Details of the method and the form of its implementation used 
here can be found in several publications.15 Briefly, diffraction efficiencies were calculated for 
both transverse magnetic (TM) and transverse electric (TE) incident light as a function of 
wavelength. Calculations were performed using a custom-built code written in Matlab (further 
details in the Supporting Information). The grating geometry used in the model calculations was 
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based upon fitting experimental AFM measurements of the DVD-R profile (Supporting 
Information: Figure S.2). Upon the basis of these results, a sawtooth profile was used with a 
pitch of 670 nm and an amplitude of 120 nm. Refractive index values for the various materials 
included published values for gold29 and SiO30. The polycarbonate substrate was modeled using 
the Sellmeier equation.28 
3.4 Results and Discussion 
An image of a holographic transmission grating, as observed through an optical 
microscope using a 100X objective, is shown in Figure 1A. The periodicity of the ridges in the 
image reflects the 1000 nm pitch of the grating. An image of the optical diffraction pattern from 
this grating can be observed by inserting a Bertrand lens into the microscope’s observation 
tube.13 A color version of the diffraction image (Figure 1B) exhibits three dominant features. A 
white, circular spot appears at the center of the image. This spot represents light that is directly 
transmitted through the sample, otherwise referred to as the zeroth-order spot. Two elliptical 
spots appear to the right and left of the central spot. These features are due to light that is 
diffracted by the grating and are associated with the +1 (right) and -1  
(left) diffracted orders (Scheme 1). Although the zeroth-order peak appears white when  
viewed by eye or as imaged with a color CCD camera, the plus/minus peaks disperse the light 
with blue light (shorter wavelengths) appearing nearest to the center and red light (longer 
wavelengths) appearing at the outer edges. The distances of the ±1 diffracted spots from the 
zeroth-order spot are proportional to the reciprocal of the grating pitch. The 1000 nm pitch for 
this grating gives diffracted spots that are located at ±1 µm-1. Using the same magnification 
objective, a smaller grating pitch would produce ±1 diffracted spots that are  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (A) Direct optical image and (B) diffraction image of uncoated 
transmission grating with 1000 
diffracted orders are identified in (B)
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located further from the zeroth-order spot (due to a larger diffracted angle). The diffracted angle 
can be described by the grating equation, 
sinθi + sinθm = mλ Λ                                      (1) 
where θi is the angle of incidence, Λ is the grating pitch, λ is the wavelength, m is the diffracted 
order, and θm is the angle of the diffracted spot of order m. In a collinear mounting (θi = 0), the 
position (L) of the diffracted spots on the diffraction image (Figure 1B) can be described by 
L = D mλ Λ( )                                               (2) 
where L is the measured distance from the zeroth-order spot, and D is a constant associated with 
the magnification level. Equation 2 shows that the location of the diffracted spots moves farther 
away from the zeroth-order spot with decreasing pitch and increasing diffracted orders. In 
addition, the location of the colors in the diffracted spot tracks with their wavelengths, with 
longer wavelengths appearing at larger distances from the origin. The dispersed light appearing 
in the ±1-order spots in this diffraction image allows the spectral signature of a sample to be 
measured by simply determining the intensity as a function of position in the captured image. 
With proper calibration, the intensity versus pixel location in the image can be converted into 
intensity versus wavelength (vide infra). 
To excite SPs at the gold/air interface, we chose to use a commercial DVD-R as the 
grating source. The DVD-R represents an inexpensive grating whose pitch (670 nm) 
coincidentally has a value that is appropriate for exciting SPs in a thin metal film when using a 
collinear optical configuration (θi = 0).7e Thus, the DVD- R geometry is ideally suited for SP 
transmission (or reflection) measurements with an optical microscope. 
 
  
 
 
 
 
 
 
Figure 2 Optical diffraction images (insets) an
for DVD grating: (A) uncoated grating p
grating s-polarized, and (C) 40 nm Au
is denoted by * in (C). 
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Figure 3 Transmission spectrum
grating (dotted line), grating with 40 nm gold layer s polarized (dashed line) and 
grating with 40 nm gold layer p polarized  (solid line)
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The diffraction image of an uncoated DVD-R (Figure 2A) exhibits features similar to the 
transmission grating in Figure 1, with an intense zeroth-order peak at the image center and the 
±1-order peaks to the left and right of the image center. A horizontal intensity profile along the 
center of the diffracted spots shows a large intensity for the zeroth-order peak and broad features 
for the ±1-order peaks. Notably, the diffraction image is independent of polarization (s or p) 
when exposed with direct (θi = 0) illumination. Coating the grating with 40 nm of Au attenuates 
the transmitted light intensity and produces several new features as well as significant 
differences between s- and p-polarized light. The zeroth-order peak for s-polarized light is 
attenuated, and the ±1 diffracted peaks are substantially weaker, especially at longer 
wavelengths (Figure 2B). This is due to absorption from the thin, gold film. The response to p-
polarized light shows a similar attenuation, but with an additional, strong transmission in the 
plus/minus first-order peaks at longer wavelengths (denoted by an asterisk in Figure 2C). This 
new transmission peak is due to excitation of a SP at the metal/air interface on the grating.7e 
The data contained in the intensity profiles of the diffraction images can be readily 
converted into spectral data through the use of an appropriate calibration. We captured 
diffraction images using several interference filters possessing a narrow bandpass (10 nm) to 
convert pixel location into wavelength (Supporting Information Figure S3). Using the +1 
diffracted peak, the resulting spectra for the three cases shown in Figure 2 are depicted in Figure 
3. The uncoated DVD (dotted line) shows a broad intensity profile between 400 and 750 nm, 
which is consistent with the shape of light produced by the tungsten-halogen light source. The 
intensity of the light from the uncoated sample drops sharply at 780 nm, which is a result of the 
diffracted spot reaching the edge of the image window. This wavelength range can be extended 
to larger values by using a higher magnification objective (150 or 200 X). The spectra from the 
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Au-coated sample using s-polarized (dashed line) and p-polarized (solid line) light exhibit the 
expected features. The s-polarized spectrum is broad with a peak near 550 nm, consistent with a 
green transmitted color of a thin gold film. The p-polarized light tracks the s-polarized spectrum 
at small wavelengths, but then exhibits a very large transmission peak centered at 700 nm. This 
transmission peak is due to excitation of a SP at the gold/air interface.7e Notably, due to the 
asymmetric nature of this grating (air/gold/polycarbonate), a SP is also excited at the gold/ 
polycarbonate interface, but due to the higher refractive index of the polycarbonate substrate, this 
resonance is located in the near-infrared region (1100 nm) and not observable in this data (vide 
infra). 
A comparison of the experimental results with those derived from an optical simulation 
of the grating interface can be used to assist in data interpretation and to identify notable spectral 
features. The RCWA method was used to simulate the transmission and reflection of the various 
diffracted orders (Scheme 1) through a model grating (vide supra). Predicted transmission 
spectra were determined for TM and transverse electric TE light using the model grating profile 
with a 40 nm gold layer. Results for the zeroth- and first-order diffraction efficiencies are shown. 
For both TM0 (p-polarized) and TE0 (s-polarized) (Figure 4A), a peak is observed near 500 nm, 
as expected for a thin gold film. The TE0 result shows no other notable features, whereas the 
TM0 exhibits an intense enhancement near 700 nm, which is the result of SP excitation. Prior 
measurements of directly transmitted light through a gold-coated DVD-R showed spectra nearly 
identical in shape to what appears in Figure 4A (see Figure 3B in ref 7e). The predicted 
diffraction efficiencies for the +1-order 
 
 
  
 
 
 
 
 
 
 
 
Figure 4 Calculated spectrum of transverse magnetic (TM, solid 
electric (TE, dashed line) light from 0
grating having triangular profile with pitch of 670 nm, height of 120 nm, and gold 
thickness of 40 nm. 
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Figure 5 (A) IRRAS of SiO 
film thicknesses of 0, 10, 20, and 30 
are associated with the stretching vibrations of: # Si
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peak (Figure 4B) are also consistent with the experimental results, with TE1 showing only a 
broad peak near 500 nm and TM1 exhibiting an intense SP peak near 700 nm. The primary 
difference between the model (Figure 4B) and experimental results (Figure 3) for the +1-order 
peak is that the experimental data shows more light transmission near 500 nm than the 
prediction. This could be due to minor differences in the grating shape, gold thickness, or 
limitations in the experimental optics, such as the nonlinearity of the light source. Nevertheless, 
the significant features (notably the presence of the SP peak) are consistent with both results. 
To demonstrate the ability to track adsorption/film formation on the gold surface using 
these diffracted peaks, a series of SiO films were coated onto the grating. SiO was vapor-
deposited onto the grating at thicknesses of 0, 10, 20, and 30 nm, as determined by a quartz 
crystal thickness monitor. The composition of the SiO films was confirmed using IRRAS. 
Features characteristic of the Si−O−Si stretching vibration (denoted by “#”) were seen with a 
sharp peak at 1100 cm-1 that increased in magnitude with increasing film thickness (Figure 5A). 
In addition, a broad, although rather weak, signature associated with the OH stretch- ing 
vibration from Si−OH (denoted by an asterisk) is observed between 3000 and 3600 cm-1.19 A 
plot of the intensity of the Si−O peak at 1100 cm-1 versus film thickness shows a clear, linear 
trend, which is consistent with a linearly increasing film thickness (Figure 5B). 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
The impact of the SiO 
Figure 6 Diffraction images of gold
and p-polarized (right) light 
having SiO thicknesses of 0, 10, 20 and 30 nm.
70
 
films on the optical response of the gold-coated grating is 
-coated DVD grating using s-polarized (left) 
showing -1, 0 and +1 diffracted peaks 
 
 
with samples 
  
71
illustrated in Figure 6. A series of slices showing the right half of the diffraction images from 
each sample are shown. The images depict a portion of the diffraction image starting at the 
zeroth-order peak and including the complete +1-order peak. The -1 peak looks similar to the +1, 
but is not shown for clarity. The transmission depicted by the +1 peak for s-polarized light shows 
a broad, shallow band. With increasing SiO thickness, this band increases in intensity, but it 
remains fixed in position. In contrast, the p-polarized light shows two dominant features in the 
+1 peak. For the 0 nm SiO sample, the left portion of the +1 peak is a shallow, broad 
transmission peak similar to what is in the s data; however, the right portion of the +1 spot shows 
a large peak, which is associated with an enhanced trans- mission that is caused by the formation 
of a SP at the gold/air interface. With the deposition of a SiO film, the broad, lower-wavelength 
peak increases in magnitude in a fashion similar to the s-polarized result. In addition, the SPR 
peak is seen to both broaden slightly and shift to longer wavelengths as the SiO thickness 
increases from 0 to 10, 20, and 30 nm. In the 30 nm case, the plasmon peak has shifted nearly out 
of the field of view. 
A quantitative view of the spectra associated with the +1 diffracted peaks in Figure 6 are 
depicted in Figure 7 after converting the intensity-versus-pixel location to transmittance-versus-
wavelength. As was evident in the diffraction images, the s-polarized light displays a broad 
transmission peak centered around 500 nm (denoted as peak 1). With increasing film thick- ness, 
the magnitude of the transmission peak in this region increases. This increase in transmission can 
be most readily explained by considering the SiO film as an  
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Figure 8 Calculated transmission spectra for model diffraction grating 
having SiO film thicknesses
line) nm: (A) TE0 = 0
order transverse magnetic (p
magnetic (p-polarized).
the text. 
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antireflective coating. The presence of the SiO film on the gold surface reduces reflection at that 
surface, which serves to increase the amount of light that is transmitted through and, 
subsequently, measured at the detector. The spectra determined for the p-polarized trans- mission 
also show an increase in the light transmitted at smaller wavelengths (peak 1), which is also a 
result of this antireflective effect. In addition, the spectrum for p-polarized light clearly shows 
the strong enhanced transmission peak due to SP reso- nance at 700 nm (peak 2) for the 0 nm 
SiO sample. The 10 nm SiO sample shows a slight attenuation and broadening of the SPR 
transmission peak and a red shift of the peak position. The peak magnitude continues to 
decrease, and the peak position red shifts for the 20 and 30 nm films, although the longer 
wavelength region of both peaks is truncated by the edge of the image win- dow (vide supra). 
Thus, the SPR peak red-shifts with increasing film thickness, just as would be expected. An 
additional feature also appears for the 20 and 30 nm SiO films. Peak 3 appears as a shoulder on 
peak 1 for the 20 nm film and then becomes more clear for the 30 nm film. This additional peak 
is also a SP peak, although one originating from a second-order diffracted peak on the back side 
of the grating (the gold/polycarbonate interface). 
The sensitivity of this diffraction-based approach for SPR detection of film thickness is 
consistent with other grating-based SPR detection methods. A quantitative comparison of the 
peak shifts in the experimental data show a sensitivity of 1.4 nm peak shift/nm film thickness 
for the thinnest SiO layers and an increasing sensitivity to nearly 5 nm peak shift/nm film 
thickness for the 30 nm film (Figure S4, Supporting Information). This in- crease in sensitivity 
(S) is a direct function of the fact that peak shifts for grating-based SPR sensing are proportional 
to the wave- length (S ∝ λpeak), at which the peaks appear. Thus, longer-wavelength peak 
positions have a greater sensitivity and give a larger wavelength shift for an equivalent change in 
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refractive index. Details of these sensitivity calculations as well as comparison of various SPR-
based sensing methods have been previously described.7f,11c 
Figure 8 depicts simulation results for the model DVD grating with SiO films of several 
different thicknesses. The directly transmitted light associated with s-polarized light (transverse 
electric, zeroth order: TE0) is shown in Figure 8A. The simulation results are consistent with 
those obtained experimentally. A broad peak is observed with a maximum near 500 nm (peak 1). 
Increasing the thickness of the SiO layer in the model system results in an increase in 
transmission. Again, this increase can be attributed to an antireflective effect associated with the 
SiO layer, which increases the transmitted light. 
The predicted transmission with p-polarized light (transverse magnetic zeroth order: 
TM0) in Figure 8B exhibits two dominant peaks in the absence of a SiO film. The peak at 1 was 
just described, and a second peak appears at 700 nm (peak 2). Peak 2 is an enhanced 
transmission peak that is due to the excitation of a SP at the gold/air interface. The location of 
this peak can be readily calculated by considering the momentum matching condition between 
the wavevector of the SP (ksp) with that of the incident p-polarized light interacting with the 
diffraction grating (kgr), as given in eq 3 
ksp =
2π
λ0
εM
' εD
εM
' +εD
=
2π
λ0
εD sinθ0 + m
2π
Λ
= kgr                                    (3) 
where ε’m is the real part of the metal’s dielectric constant, and εD is the dielectric constant of the 
neighboring material (air or polycarbonate). At an incident angle of θ = 0°, this equality may be 
satisfied by several different conditions. With a grating pitch of Λ = 670 nm, for example, the 
first diffracted order (m = 1) will satisfy this momentum matching condition at a gold (ε’m)/air 
(εD) interface at λsp  687 nm. As a plasmon peak at the gold/air interface, its location is 
  
76
impacted by the local dielectric conditions existing at that interface. The presence of a thin film 
will cause this peak to red shift due to the increasing dielectric constant associated with that layer 
(increasing effective εD). Indeed, the calculation supports this red shift in the position of peak 2 
after the addition of a thin film represented by 10 and 20 nm SiO layers. The calculated shift in 
peak position is 1.4 nm wavelength shift per nanometer of film at small film thicknesses and 
increases to almost 6 nm peak shift per nanometer film thickness for the 30 nm film, which is 
consistent with expectations.11c 
With the 20 nm SiO film, a third peak emerges (peak 3) in the calculation and appears as 
a shoulder on peak 1. This is also a SP, but it is associated with the gold/polycarbonate interface 
at the back side of the DVD grating. The position of this peak can be found by solving eq 3 using 
the gold/polycarbonate dielectric constants (εD  2.5) and m = 2, to give λsp  581 nm. Another 
SP is excited at the gold/polycarbonate interface that is associated with the m = ±1 or first 
diffracted orders. However, this peak appears at 1100 nm, so it is at higher wavelengths than 
what is measured in this work. 
The predicted values for the first-order diffracted peak behave in a manner consistent 
with what was seen with the experimental results in that the SP peaks also red shift with 
increasing film thickness. Figure 8C plots the diffraction efficiency for the first- order diffracted 
peak for transverse magnetic illumination (TM1). An intense peak appears at 700 nm, and this 
peak shifts toward longer wavelengths with the addition of thicker SiO films. Notably, a direct 
comparison between the peak positions and peak shifts as observed experimentally (see Figure 
S4 of the Supporting Information) show that both the data and modeling results exhibit a similar 
peak position and peak shifts for increasing film thicknesses. 
It should be noted that the SPs that exist at the back side (gold/polycarbonate) of the 
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grating sense little of what occurs at the front side (gold/air) of the grating, since the decay length 
of the SP within the gold is 25 nm under these conditions. More extensive analysis of the 
modeling results allows one to compare the behavior of peaks appearing at both the back and 
front side of the grating, and indeed, they are related. In fact, the appearance of SPs at one side of 
the grating can often be traced to the passing off of an order from the other side of the grating, 
which creates an evanescent wave and thus excites a SP. Although this behavior indicates that 
SPs form at several different conditions at the front and back side of the grating, because of the 
short SP decay lengths within the gold film, only those at the gold/air interface show a 
significant response to thickness changes in a thin film forming at the front side of the grating. 
More importantly, the peaks from the gold/air interface are the dominant features in both the 
experimental and simulated spectra. 
3.5 Conclusion 
Grating-based coupling strategies for surface plasmon reso- nance sensing represent a 
simple, yet highly sensitive, method for tracking adsorption and thin film formation. In this 
work, we have demonstrated how film formation on a grating based upon a commercial DVD-R 
can be monitored using a simple optical microscope setup. In fact, the ability to use a Bertrand 
lens to image the diffracted spots associated with the grating allows one to monitor the 
transmission peaks associated with SPs at the grating directly with a CCD camera and avoid the 
use of a spec- trometer or monochromator. A comparison of the direct and diffracted 
transmission data with predicted results as obtained by the RCWA shows a consistency in the 
behavior of the various peaks and also allows one to identify the origins of the peaks with respect 
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to the various reflected and transmitted diffracted orders at the back and front sides of the metal 
surface. 
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3.7 Supporting Information 
3.7.1 Grating Construction 
Two different gratings were used in this work. The first was a commercial holographic 
transmission grating with a 1000 nm pitch (Edmund Optics). The second was a metal-coated 
grating prepared from a commercial DVD-R. Grating preparation involved manually splitting the 
DVD-R into two pieces (Fig.S.1) at the center-plane using a razor blade. The dye layer was 
removed by rinsing in ethanol, while the silver layer was removed by soaking in concentrated 
nitric acid. The grating was then thoroughly rinsed with deionized water, dried under nitrogen, 
and placed in a vacuum chamber for film coating (Denton Vacuum Turbo III, Morrestown, NJ). 
Gold films of ~40 nm thickness were deposited onto the gratings at a rate of 1–2 A s–1 and a 
pressure of 7×10–5 Torr under nitrogen atmosphere. The thickness was monitored using a quartz 
crystal thickness gauge. SiO films were also  
 
 
 
  
 
 
 
 
 
 
 
 
Figure S 1 Schematic showing construction of gold gratings from 
commercial DVD
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formed via vacuum evaporation under conditions similar to gold coating. Film thicknesses and 
compositions were confirmed using atomic force microscopy (AFM) imaging, ellipsometry, and 
infrared reflectance absoption spectroscopy (IRRAS). 
3.7.2 Atomic Force Microscope (AFM) Imaging. 
AFM imaging of the sample surfaces was performed with a Dimension 3100 scanning probe 
microscope and a Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA). 
Imaging was performed in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, 
LLC, Santa Barbara, CA) with a spring constant of ~70 N m–1 and a resonance frequency of 
~280 kHz.  
3.7.3 Ellipsometry 
Film thicknesses were confirmed using ellipsometry. A motorized variable- angle null 
ellipsometer (Multiskop, Optrel GbR) operating as a rotating analyzer ellipsometer (RAE) in the 
polarizer-sample-analyzer (PSA) configuration utilizing a broadband light source at 70° angle of 
incidence was used to measure the ellipsometric parameters ∆ and Ψ. The values of ∆ and Ψ 
were converted into equivalent optical thicknesses using a n-layer model. The optical constants 
of the gold substrate (refractive index n and the absorption coefficient k) were first determined 
using a two-phase model (air/substrate). The thickness of the adsorbed films were then found 
using a three-phase model (air/film/substrate). 
3.7.4 Infrared Reflection Absorption Spectroscopy (IRRAS) 
A Fourier transform infrared spectrometer (Nicolet Magna 750, Thermo Scientific) using 
a liquid nitrogen-cooled MCT detector was used to obtain infrared spectra. Reflectance spectra 
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were collected using a specular reflectance accessory (VeeMax, Pike Technologies) and a ZnSe 
polarizer using p-polarized light incident at 80o with respect to the surface normal. These spectra 
are presented as log(1/R), where R is the sample reflectance divided by a reference surface. Each 
spectrum represents an average of 512 individual sample and reference scans acquired at 2 cm-1 
resolution. A freshly prepared, gold coated, glass slide served as the reference sample. 
3.7.5 Optical Modeling 
Rigorously coupled wave analysis (RCWA) algorithm is used to simulate experimetal 
results with defined parameters which are equivalent to experiment conditions. In brief, RCWA 
calculates both TE and TM incident light which pass through a defined gold-coated grating and 
expresses the results in terms of transmission efficiency versus wavelength. The scope of 
simulation covers 0 order transmission and +1 order diffraction with approximate defined grating 
profile. Simulations are performed in Matlab environment with a custom-built m. file.  
RCWA requires a defined grating to calculate transmission, absorption, and reflection. To 
achieve this, the AFM image of DVD grating was fit and yields a defined profile shown in 
Figure S.2. The profile was sliced to a series of layer with defined effective index by a Fourier 
expansion of the refractive index with a particular geometry for each layer. With proper 
boundary conditions between sliced layer, Frensal’s equations are imposed to calculate 
transmission and reflection coefficients for each layer. Thus, for all diffraction orders, 
corresponding transmission, diffraction, and reflection ratio can be reproduced. In order for 
simulation to converge, the Fourier expansion for the refractive index values within the grating 
layers were described by 42 terms for TE polarization (± 21 diffracted orders) and 122 terms for 
TM polarization ±61 diffracted orders). 
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Figure S 2. AFM profile of line scan and profile fit. 
The pitch is 670 nm and amplitude is 120 nm. 
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CHAPTER 4 RESONANCE QUENCHING AND GUIDED MODES 
ARISING FROM THE COUPLING OF SURFACE PLASMONS WITH A 
MOLECCULAR RESONANCE 
                                 Analytical Chemistry, 84 1139-1145 (2012) 
                           Wei-Hsun Yeh, Joe W. Peptefish, Andrew C. Hillier 
4.1 Abstract 
In this report, we describe experimental and modeling results that illucidate the nature of 
coupling between surface plasmon polaritons in a thin silver film with the molecular resonance 
of a zinc phthalocyanine dye film. This coupling leads to several phenomena not generally 
observed when plasmons are coupled to transparent materials. The increased absorption 
coefficient near a molecular resonance leads to a discontinuity in the refractive index, which 
causes branching of the plasmon resonance condition and the appearance of two peaks in the p-
polarized reflectance spectrum. A gap exists between these peaks in the region of the spectrum 
associated with the molecular resonance, and reflects quenching of the plasmon wave due to 
violation of the resonance condition. A second observation is the appearance of a peak in the s-
polarized reflection spectra. The initial position of this peak corresponds to where the refractive 
index of the adsorbate achieves its largest value, which occurs at wavelengths just slightly larger 
than the maximum in the molecular resonance. Although this peak initially appears to be 
nondispersive, both experimental data and optical modeling indicate that increasing the film 
thickness shifts the peak position to longer wavelengths, which implies that this peak is not 
associated with the molecular resonance but, rather, is dispersive in nature. Indeed, modeling 
shows that this peak is due to a guided mode in the film, which appears in these conditions due to 
  
87
the abnormally high refractive index of the film near the absorbance maximum. Results also 
show that, with increasing film thickness, numerous additional guided modes appear and move 
throughout the visible spectrum for both s and p-polarized light. Notably, these guided modes are 
also quenched near the location of the molecular resonance. The quenching of both the plasmon 
resonance and the guided modes can be explained by a large decrease in the in-plane wave 
propagation length that occurs near the molecular resonance, which is a direct result of the film’s 
large absorption coefficient.  
4.2 Introduction 
The resonance conditions of surface plasmons (SPs) at a metal-dielectric interface are 
highly sensitive to the local environment. This behavior has led to their extensive use in thin film 
and adsorption sensing.1-3 The majority of these applications have involved measurements with 
transparent films or adsorbates possessing a negligible optical absorption coefficient. Changes in 
the resonance condition in response to a simple dielectric material can be readily explained in 
terms of the metal’s refractive index and the optical thickness of the dielectric layer.4 In the 
presence of a film with a larger dielectric constant than the surroundings, the increased optical 
density results in a decrease in the energy associated with the SP resonance and a corresponding 
red-shift in the resonance position.  
 For adsorbates possessing a molecular resonance, the coupling with SPs is much 
more complex and also information rich. The complexity of this coupling has been demonstrated 
with propagating SPPs (or surface plasmon polaritons) in thin metal films. Early studies with 
SPPs showed that the coupling of Langmuir-Blodgett dye assemblies using attenuated total 
reflection on thin silver films lead to branching of the dispersion curves near the molecular 
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resonance.5-7 Notably, studies of SPP-adsorbate interactions benefit from the ability to directly 
measure dispersion relations via simple angle and wavelength scanning. A number of studies 
involving the coupling of SPPs with J-aggregates and other absorbing materials have been 
published.8-10 In analytical applications, the interaction of SPPs and molecular adsorbates has led 
to various advanced forms of surface plasmon spectroscopy.11,12 Examples of these 
advancements include spectral fingerprinting,13 enhancements in sensitivity for SPR thickness 
shifts14,15 and signal enhancement for absorbance detection.16 
The interaction of molecular resonances with localized surface plasmon resonance 
(LSPR) at nanoparticles has received increasing attention.17 Details of the interaction between a 
molecular resonance and the LSPR at nanoparticles is strongly influenced by the size (and shape) 
of the nanoparticle, as well as the degree of overlap between the LSPR and the molecular 
resonance.18 Indeed, the coupling leads not only to variation in the magnitude of the LSPR shifts, 
but also to resonance quenching, which has been exploited for detection methods such as 
plasmon resonance energy transfer.19,20 In addition to the ability to exploit plasmon-molecule 
interactions to improve the efficiency of photochemical and photoelectrochemical processes,21 
molecule-plasmon coupling can be used to perform active optical switching.22,23 A merging of 
local and extended surface plasmon coupling with molecular resonances, via ordered arrays of 
nanostructures, can potentially lead to even greater flexibility and control of SP-molecule 
coupling and the resulting phenomena.24,25 
 In order to more fully understand the interaction between a molecular resonance 
in an adsorbed material and an SP in a metal film, we describe the results of a series of 
experiments and optical modeling studies that demonstrate the coupling between propagating 
SPPs in a thin silver film and the molecular resonance associated with thin films of a zinc 
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phthalocyanine (ZnPC) dye. The optical reflection of thin films of ZnPC on silver is examined in 
the Krestchmann configuration as a function of wavelength and angle of incidence. The well-
defined SP resonance on a bare silver film red-shifts in the presence of a thin ZnPC film. With 
increasing thickness, the SP resonance overlaps with the Q-band of the ZnPC film. In the region 
of the spectrum where the ZnPC Q-band absorbance lies, the SP resonance is quenched, and the 
SP is split into a low and high energy state, evidenced by the appearance of two separate peaks in 
the reflectance of p-polarized light. Under these same conditions, an additional peak appears in 
the s-polarized spectrum. Optical modeling is used to verify the origins of this SP resonance 
quenching and also to assist in interpreting this new peak, which is the consequence of a guided 
wave in the dye film and not directly related to the molecular resonance. Also, the presence of 
the molecular resonance leads to quenching of both plasmon and guided modes within the 
spectral region associated with the large optical absorbance in the film as a result of the 
decreased propagation length of the plasmon wave. 
4.3 Experimental Section 
4.3.1 Materials and Reagents 
ZnPC, hydrogen peroxide solution (30%), and sulfuric acid were purchased from Sigma- 
Aldrich (St. Louis, MO). Glass slides were purchased from Fisher Scientific (Pittsburgh, PA). 
Index matching fluid and BK7 prisms were purchased from Edmund Optics (Barrington, NJ). 
Silver (99.999%), tungsten wire baskets, and alumina-coated tungsten evaporation baskets were 
purchased from Ted Pella, Inc. (Redding, CA). Deionized water with electrical resistivity greater 
than 18 MΩ·cm was used during the rinsing and cleaning procedures (NANOPure, Barnstead, 
Dubuque, IA). 
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4.3.2 Sample Preparation 
Metal and dye films were deposited using thermal evaporation onto planar glass slides. Fresh 
piranha solution (mixture of 3:1 concentrated sulfuric acid to 30% hydrogen peroxide solution) 
was used to clean the glass slides. Caution: piranha solution reacts violently with organic 
compounds! Following the cleaning, the glass slides were rinsed vigorously with deionized water 
and dried under nitrogen. The slides were subsequently placed in a vacuum chamber (model 
Bench Top Turbo III, Denton Vacuum, Moorestown, NJ) for deposition of 45 nm of silver by 
resistive heating from a tungsten wire basket at a rate of 1 A s−1 and a pressure of <10−5 Torr. 
The Ag-coated slides were then immediately transferred to a second vacuum chamber (model 
DV502A, 1 Denton Vacuum). Thin films of ZnPC were slowly (<0.1 A  s-1) deposited on Ag-
coated slides under a pressure of <10−5 Torr from alumina-coated tungsten evaporation baskets. 
4.3.3 Atomic Force Microscopy (AFM) Imaging 
AFM imaging of the sample surfaces was performed with a Dimension 3100 scanning 
probe microscope and a Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA). 
Imaging was performed in tapping mode using silicon TESP7 AFM tips (Veeco Metrology) with 
a spring constant of 70 N m−1 and a resonance frequency of 280 kHz. Film thicknesses were 
determined by using a razor blade to remove a region of film, and a line profile across this 
boundary was used to determine the height difference between the substrate and film. 
4.3.4 Surface Plasmon Resonance Reflection Measurements 
A computer-controlled variable-angle ellipsometer (Multiskop, Optrel GbR, Sinzing, 
Germany) was modified to perform broad-band reflection measurements by removing the 
compensator, replacing the He−Ne laser with a fiber-coupled, broad-band, tungsten−halogen 
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light source (OSL1, Thor Lab, Newton, NJ), and mounting an optical fiber spectrophotometer 
(HR4000CG-UV-NIR, Ocean Optics, Inc., Dunedin, FL) as the detector. Control of the angle of 
incidence was achieved with the instrument’s motorized two-circle goniometer. Reflection 
measurements were performed in the Kretschmann configuration, with metal-coated glass slides 
attached to a 45° BK7 prism using index matching fluid. Reflectance values are reported in terms 
of p-polarized (Rp) or s-polarized (Rs) reflectance, which is calculated by dividing the reflected 
light intensity (p or s) by the s-polarized reflectance from an uncoated silver (47 nm) surface at 
the same angle of incidence (θ). 
4.3.5 Spectroscopic Ellipsometry 
Rotating analyzer ellipsometry (RAE) was performed in the polarizer−sample−analyzer 
(PSA) configuration using the optical system described above. Light from a tungsten−halogen 
light source was polarized at 45° and reflected by the sample surface at an incident angle of 70°. 
The analyzer was rotated from 0° to 180°, and a fiber-optic spectrometer was used to capture 
spectra of reflected intensities at 5° intervals. The measured intensity spectra were numerically 
integrated over the range of analyzer angles to obtain the ellipsometry parameters ∆ and Ψ 
between 400 and 1000 nm. The values of ∆ and Ψ were then converted into equivalent optical 
thicknesses using an N-phase model (vide infra). The optical constants of the silver substrate 
(refractive index n and absorption coefficient κ) were first determined using a three- phase model 
(air/silver/BK7) with the AFM-measured silver thickness (47 nm). The optical constants of the 
ZnPC films were then found by fitting a four-layer model (air/ZnPC film/ silver/BK7) using the 
AFM-measured thicknesses for the Ag (47 nm) and ZnPC (19 nm). 
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4.3.6 Optical Modeling 
N-phase Fresnel calculations were used to model reflection and transmission through the 
multilayer air/ZnPC/silver/BK7 prism system as a function of the wavelength, angle of 
incidence, and polarization state of the incident light.22 Scripts were written in MATLAB (The 
MathWorks, Inc., Natick, MA) to calculate reflection for three-phase (BK7/silver/air) or four-
phase (BK7/silver/ZnPC film/air) models. Wavelength-dependent refractive indices of BK7 glass 
were used in the calculations. The dispersion of BK7 glass was estimated using the Sellmeier 
equation:  
               (1) 
where n is the refractive index of BK7, λ is the wavelength of light (µm), and the values of the 
constants were taken from Schott glass: B1 = 1.03961212, B2 = 2.31792344 × 10−1, B3 = 
1.01046945, C1 = 6.00069867 × 10−3 µm2, C2 = 2.00179144 × 10−2 µm2, C3 = 1.03560653 × 
102 µm2. The refractive index values for silver (Figure S3, Supporting Information) and ZnPC 
(Figure S4, Supporting Information) were derived from fitting the experimental spectroscopic 
ellipsometry results (Figure S2, Supporting Information) from the experimentally prepared thin 
films. 
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Figure 1 Absorbance spectra of ZnPC in solution (50 
film on Ag-coated (47 nm) glass.
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4.4 Results and Discussion 
Organic dyes such as zinc phthalocyanine (ZnPC) have generated considerable interest 
due to their large molar absorptivities and potential use as artificial pigments and in applications 
such as memory storage, catalysis, and optoelectronics.27 In solution, ZnPC exhibits a strong 
molecular resonance near 680 nm associated with the dye’s Q-band  (Fig.1). When formed as a 
thermally evaporated thin film on silver, there is a slight red-shift of the Q-band to ~710 nm 
(Fig.1). Optical constants, as determined for the thin ZnPC film using spectroscopic ellipsometry 
(see Supporting Information, Figs.S.2, S.3 and S.4), illustrate the strong absorbance (κZnPC) for 
the thin film near 700 nm and the corresponding discontinuity in the refractive index (nZnPC) over 
this same spectral region. 
The coupling of this ZnPC film, with its strong molecular resonance, with a SP in the Ag 
substrate was studied by measuring the optical reflection of p (Rp) and s-polarized (Rs) light with 
the sample in the Kretschmann configuration (Fig.2A). The uncoated silver film (47 nm thick) 
exhibits the expected sharp decrease in reflectivity for p-polarized light associated with the 
formation of an SP. At an incident angle of 48°, the reflectance minimum occurs at a wavelength 
of ~437 nm (Fig.2B). Reflection of s-polarized light under these conditions results in a high 
reflectivity (Fig.2C), consistent with conditions of total internal reflection. The addition of a thin 
(6 nm) ZnPC film to the silver results in a red-shift of the SP to 492 nm, and no change in the s-
polarized response. The behavior of a thicker (19 nm) ZnPC film shows several notable features. 
The reflectance minimum in p-polarized light has  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2 (A) Schematic of Krestchmann configuration used for measurement of 
reflectance spectra. Reflectance spectra for 0, 6 and 19 nm thick ZnPC films in air 
on 47 nm Ag/BK7 prism in Kretschmann configuration at 48
(B) p-polarized reflectance (R
95
° angle of incidence: 
p) and (C) s-polarized reflectance (Rs). 
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red-shifted, but it has also split into two distinct minima, one appearing at ~561 nm and the other 
at 792 nm. In addition, reflection of s-polarized light now shows an unusual reflectance 
minimum, albeit a weak one, at 716 nm 
More detail about the nature of these features can be illustrated with reflection images 
taken at several different incident angles (Fig.3). These reflection images for the bare silver film 
(Fig.3A) show the expected behaviors: the s-polarized image (Rs) is uniform and a strong 
resonance minimum appears in the p-polarized image (Rp). The dispersive nature of the SP in the 
p-polarized image is highlighted by the red-shifting of the reflection minimum with decreasing 
angle (Fig.3A). Reflection images of the 19 nm ZnPC film on silver show two clearly resolved 
minima, with a gap in between (Fig.3B). The peak that appears at longer wavelengths displays an 
obvious dispersive behavior by shifting to longer wavelengths with decreasing angle. The shorter 
wavelength peak also shifts, but to a lesser degree. A notable feature in this image is that the SP 
resonance is completely quenched between the two minima at all angles. The minimum in the s-
polarized image (Fig.3B) is also apparent and this feature appears nondispersive under these 
conditions, with its position unaffected by changing angle. However, this peak is indeed 
dispersive, as we will show in subsequent data and calculations (vide infra). 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Measured reflectance images for p
(Rs) light as a function of the angle of incidence and wavelength for (A) 47 
Ag film and (B) with additional 19 nm ZnPC in Kretschmann configuration. 
The intensity ranges correspond to 0 < R
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-polarized (Rp) and s-polarized 
p < 1.2 and 0.9 < Rs < 1.1. 
  
 
 
 
 
 
 
 
 
 
Figure 4 Calculat
(dashed lines) and 47 nm Ag + 19 nm ZnPC (solid red lines) films 
in Kretschmann configuration at 48
transverse magnetic (TM = p
(TE = s-polarized) light. T
visible spectrum enclosing the molecular resonance for ZnPC.
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Red-shifting of the resonance peak in the p-polarized data associated with film formation 
is the behavior typically seen with SPs. Therefore, the appearance of two peaks, and the 
quenching of the resonance in the spectral region near the molecular resonance, must be 
associated with the coupling that occurs between the molecular resonance and the SP resonance. 
This behavior can be explained by considering the nature of the plasmon and the impact of the 
molecular resonance on the SP matching condition (vide infra). The appearance of a minimum in 
the s-polarized spectra near a molecular resonance has not been reported, although a recent 
publication has highlighted an enhanced transmission through a nanohole metal array when 
coated with a thin dye film.25 We believe that the peak appearing in that result, and the peak 
appearing here, have the same fundamental origin, which is the emergence of a guided wave in 
the thin adsorbed film (vide infra).  
In order to more fully understand the coupling of the molecular resonance of ZnPC and 
the SP in the silver film, we completed a series of optical modeling calculations. The optical 
constants of silver and ZnPC were determined by combining the film heights, as measured by 
atomic force microscopy (see Supporting Information, Fig.S1) with spectroscopic ellipsometry 
of the two films. A four-layer optical model was then used to calculate the reflection of 
transverse magnetic (TM = p-polarized) and transverse electric (TE = s-polarized) light as a 
function of ZnPC thickness, wavelength, and angle for the BK7 prism/Ag/ZnPC/air multilayer. 
Modeling results for a bare 47 nm Ag film and also with an additional 19 nm ZnPC layer at 48° 
are shown in Fig.4. A comparison between the calculated reflectance spectra in Fig.4 with the 
experimental results in Fig.2 shows a significant similarity.  The bare silver films show a nearly 
identical resonance minimum in the p-polarized spectrum (Fig.4A) and little of note in the s-
polarized result (Fig.4B). The addition 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 (A) Refractive index (n) and (B) absorption coefficient (
ZnPC as determined by spectroscopic ellipsometry of 19 nm film. (C) 
Calculated propagation le
silver and ZnPC. 
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of a 19 nm ZnPC film shows the same red-shifting and splitting of the resonance in the p-
polarized spectrum, with nearly identical fine structure as seen in the experimental results. 
Notably, the strong resonance minima in the p-polarized spectra are completely outside the 
region of the spectrum where the ZnPC Q-band absorbance lies (denoted by the dotted box in 
Fig.4), indicating the same quenching behavior as the experimental results. The new minimum 
observed in the s-polarized data with the 19 nm ZnPC is also apparent in the calculated results. 
Thus, both of these behaviors can be explained by standard optical theory, and are the direct 
result of the optical properties of the ZnPC dye, and how they interact with the SP in the Ag film. 
The splitting of the SP resonance and the quenching that occurs near the molecular 
resonance of the ZnPC film can be explained by considering the wavevector (sp) of the SP 
parallel to the ZnPC/Ag interface. For a macroscopically thick ZnPC film, this wavevector can 
be described by the following relationship 
 ksp =
2π
λ
εmεd
εm +εd
     (2) 
where εm is the dielectric constant of the silver, and εd is the dielectric constant of the 
ZnPC film. In a general case, sp is a complex number 
 ksp = ksp
' + i ⋅ ksp
"     (3) 
In order for this SP to exist and propagate along the metal/film interface, the propagation 
length (L),4 as defined by 
 L =
1
ksp
"
      (4) 
must have a nonzero value. This propagation length can be readily calculated by 
considering the wavelength-dependent optical constants of the metal and dielectric films. The 
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refractive index (n) and absorption coefficient (κ) for ZnPC (Fig.5A and B) illustrate the 
resonance associated with the Q-band. The absorption coefficient goes through a maximum in 
this region (~ 700 nm), and, as is consistent with the Kramers-Kronig relation, the refractive 
index decreases when approaching this absorbance from smaller wavelengths and then exhibits a 
discontinuity to reach a maximum value just to the right of the absorbance maximum, before 
decreasing again. Using these optical parameters for ZnPC, along with the dielectric properties 
of Ag, allows one to calculate the propagation length (L) for this interface as a function of 
wavelength (Fig.5C). These results indicate that L obtains nonzero values between ~ 400 and 
550 nm, and then again above ~750 nm. However, between 550 and 750 nm, L approaches zero. 
These results indicate that the SP can exist above and below this spectral region, but is unable to 
propagate near the molecular resonance. This behavior is primarily the result of the large value 
of the absorption coefficient κ for ZnPC in this region, which makes the imaginary part of εd 
large, and consequently creates a large value for sp
’’ and a vanishing value for L. Similar 
calculations using a nonabsorbing material (Supporting Information, Fig.S7A&B) show only an 
increasing L with increasing wavelength, which supports the presence of a propagating SP over 
much of the visible spectrum. An idealized absorbing material, with a Lorentzian absorbance 
peak, gives a value of nearly L = 0 over the entire spectral region associated with the absorbance 
peak (Supporting Information, Fig.S7C&D).  
For a metal/film interface, the SP wavevector can be simplified. At energy levels well 
away from the plasma frequency for a given metal, the imaginary part of the metal’s dielectric 
constant takes on large, negative values, which allows sp to be approximated by 
 ksp ≈
2π
λ
εd      (5) 
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Far from the molecular absorbance (or for a non-absorbing material), where the 
absorption coefficient of the film is zero, this wavevector can be written as 
 ksp ≈
2π
λ
nd      (6) 
which is a purely real number, indicating that the propagation constant L is very large and 
that the plasmon is supported at this interface. However, near the molecular resonance, the 
imaginary part of the film’s dielectric constant goes through an inflection that tracks the value of 
n (εd
’ = 2nκ), while the real component approaches a negative square of the absorption 
coefficient (εd
” = n2 - κ2). Thus, the plasmon wavector can be approximated as 
 ksp ≈
2π
λ
i ⋅κ       (7) 
and the propagation constant approaches the limit of 
 L =
1
2πκ
      (8) 
Thus, the larger the value of the absorption coefficient (κ), the smaller the wave 
propagation length will be. Therefore, a molecular resonance will result in the extinguishing of 
the SP. 
 The second feature in both experimental and modeling results was the appearance 
of a new peak in the s-polarized spectrum. More detail regarding the nature and  
 
 
  
 
 
 
 
 
 
 
 
Figure 6 Measured reflectance spectra with s
ZnPC films of increasing thickness on 47 nm Ag in Kretschmann 
configuration at 48° angle of 
polarized (Rs) light as a function of angle of
166 nm ZnPC film on 47 nm Ag.
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origins of this peak can be deduced through some additional experimental data, and 
complementary optical modeling results. The results from Fig.3B show that the minimum in the 
s-polarized data does not change wavelength with angle, which would suggest that it is a 
nondispersive peak, and somehow related to the molecular absorbance. However, increasing the 
thickness of the film suggests that this peak is indeed dispersive. Fig.6 shows experimental 
reflectance spectra for ZnPC films of various thicknesses between 6 and 166 nm on Ag. The 
absence of a peak is noted in the 6 nm film, followed by the first appearance of the peak with a 
19 nm film. With larger ZnPC film thicknesses, the peak position is seen to red-shift 
significantly. The peak magnitude also increases as the film thickness increases from 19 to 121 
nm. The red-shifting of the peak position for the 19 nm film from its initial value at 716 nm to 
the final peak position of ~920 nm for the 166 nm ZnPC film clearly shows that this peak is 
dispersive. Additional evidence of dispersion can be seen in Fig.6B for the 166 nm thick ZnPC 
film, which shows a red-shift in the peak position with decreasing angle of incidence. A second 
peak, whose origin is similar to the first (vide infra), is also observed in the two thickest ZnPC 
films at wavelengths near ~510 nm.  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 7 Calculated reflectance spectra using transverse electric (TE) light 
(s-polarized) for increasing ZnPC film thicknesses on Ag in Kretschmann
configuration. Line plots showing reflectance spectra with increasing 
ZnPC film thickness from 0 to 100 nm. The inset shows an expanded view 
of the films with 0, 10, 20 and 30 nm ZnPC thicknesses.
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Optical modeling supports the behavior seen in this experimental data. Fig.7 depicts a 
series of computed reflectance spectra using s-polarized (TE) light as a function of ZnPC 
thickness. Spectra are plotted for film thicknesses between 0 and 140 nm, at increments of 10 
nm. The thinnest films are highlighted in the figure inset, and show spectra for films of 0 to 30 
nm. As expected, the peak is absent at 0 nm ZnPC, corresponding to the silver layer. The peak 
first appears at 10 nm, and then increases in magnitude, but does not shift appreciably, up to 30 
nm. At thicknesses greater than 30 nm, the peak grows in magnitude, and also shifts appreciably 
to the red. Thus, the dispersive nature of this peak is confirmed with the large red-shift with 
increasing thickness. Although the original peak position was located near the maximum in the 
molecular absorbance, the dispersive nature of the peak confirms that this initial peak position 
being near the molecular absorbance was coincidental. As we will prove in the following 
passages, the origin of this peak is ultimately that of a guided mode within the ZnPC layer, 
which is excited by a SP in the silver film.4 
With increasing ZnPC thickness, the SP that is excited at the silver-ZnPC interface is able 
to couple to a guided mode within the ZnPC layer, which produces a peak in the s-polarized 
spectra. The location and magnitude of this guided mode is impacted by the coupling between 
the SPP in the Ag film and the molecular resonance on the ZnPC layer due. The propagation of 
this guided mode is also hindered by the quenching of the SPP associated with the molecular 
resonance, which explains the reduced amplitude of the peaks when they are located near the 
molecular resonance.  
Evidence that numerous guided modes can be excited by both s and p-polarized light at 
increasing film thickness can be shown by additional model results. As an illustration, Fig.8 
depicts computed p and s-polarized spectra with ZnPC films of thicknesses between 0 
  
 
 
 
 
 
 
 
 
 
 
Figure 8 Calculated reflectance images for ZnPC
as a function of ZnPC thickness from 0 to 500 nm in Kretschmann 
configuration at 48° angle of incidence using (A) transverse magnetic (TM 
= p-polarized) and (B) transverse electric (TE = s
modes for the guided waves are identified in the figure. The scale bars are 
0.4 < RTM < 1 and 0.8 < R
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-coated Ag (dashed lines) 
-polarized) light. The 
TE < 1. 
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and 500 nm. Numerous guided modes appear in these spectra, and labels for particular modes 
have been included. The peaks observed in the experimental data of Fig.6 correspond to the TE0 
mode (Fig.8B). For TE0, the first peak to appear at small film thicknesses is near 700 nm. It then 
red-shift with increasing film thicknesses. As the film thickness reaches ~80 nm, a second peak 
appears in the TE0 mode at small (~400 nm) wavelengths. This peak also shifts to longer 
wavelengths with increasing film thicknesses. This second peak in the simulated results for TE0 
corresponds to the second peak observed near ~510 nm for the 121 and 166 nm thick films in the 
experimental data.  
It should be noted that several features in the waveguide modes depicted in Fig.8 differ 
from what would be observed in a typical nonabsorbing waveguide layer. The modes shown here 
are highly nonlinear with thickness, and are quenched near the molecular resonance so that their 
magnitudes go to zero. In contrast, the location of a guided mode in a nonabsorbing dielectric 
slab waveguide would vary linearly with thickness, and appear over the entire spectral region. To 
illustrate this further, a slab waveguide sandwiched between two perfect mirror layers, for 
example, would support guided modes for TE excitation that satisfy the relationship4,28,29 
 
2π
λ
ndhd cos θ( ) = mπ      (9) 
where nd is the dielectric constant of the waveguide layer, hd is the waveguide thickness, 
θ is the incident angle, and m = 1, 2, ... are the modes of the TE guided wave. The increase in 
wavelength with increasing film thickness would be strictly linear in this case, with the slope 
increasing for higher modes (increasing m). Numerical results for an asymmetric waveguide 
slab, as is the case here, with a nonabsorbing, dielectric film in the Kretschman configuration on 
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a 47 nm Ag film, also exhibits a linear increase in wavelength with thickness (Supporting 
Information, Fig.S9).  
Although the complete solution describing the matching conditions for an asymmetric 
waveguide is more complex,4,28 the general behavior for the ZnPC film system can still be 
interpreted with Eqn.9. As noted, the peaks in Fig.8 are nonlinear. However, they approach 
linearity far from the molecular absorbance (high and low wavelengths). In these near-linear 
regions, the peaks exhibit an increasing slope with increasing mode number, which is consistent 
with Eqn.9. A simple explanation for the nonlinear shape of the modes near the molecular 
resonance comes from the fact that the layer height (hd) and the refractive index (nd) are 
inversely proportional in the guided mode (Eqn.9). By simply inverting the refractive index 
curve for ZnPC from Fig.5A, one can reproduce the shape of the curves in Fig.8. The most 
notable consequence of this behavior in the experimental results is that the guided mode appears 
in the s-polarized spectra at much smaller film thicknesses with ZnPC than would be the case 
with a nonabsobing, dielectric material because of the abnormally high value of nd provided by 
the molecular resonance. 
Ultimately, for a guided mode to persist, it must be able to propagate within the 
waveguide layer. However, the conditions that lead to quenching of the SP also lead to 
quenching of the guided modes. The increased absorption coefficient near the molecular 
resonance in the ZnPC film diminishes the propagation length of the guided modes so that they 
are also quenched. Nevertheless, all other features of these modes are consistent with what would 
be observed in a traditional dielectric waveguide. 
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4.5 Conclusion 
The interaction of surface plasmons with a molecular resonance leads to the appearance 
of several new features not typically observed with SPs that are coupled to transparent materials. 
The molecular resonance in a ZnPC dye film, for example, causes the SP in a silver layer to split 
into two branches. The gap between these branches reflects quenching of the SP. The origin of 
this quenching is due to the decreased propagation length for the SP due to the large absorption 
coefficient for the dye near the molecular resonance. The magnitude of the quenching is a strong 
function of the strength of the molecular resonance, as well as the degree of overlap between the 
SP resonance and that of the adsorbed molecule. 
The appearance of a guided mode in the s-polarized spectra is a feature that occurs with 
this particular dye, but also appears in transparent films. In a transparent film, this guided mode 
(and others appearing in p and s-polarized light) would display a linear dispersion relation. 
However, with the dye film, the guided mode is also quenched near the molecular resonance, and 
the resulting dispersion curve is highly nonlinear near the resonance location. However, the 
nature of this dispersion relation follows what would be expected based upon the optical 
properties, particularly the refractive index, of the molecular film. 
The coupling of molecular resonances to surface plasmons provides an information rich 
system for optical sensing and the ability to tune the optical response through the degree of 
overlap with the molecular resonance. The novel features exhibited by this type of system have 
been used in the design of new analytical and sensing schemes in both nanoparticle (LSPR) and 
thin film (SPP) systems. One could envision exploiting these features further in the development 
of new optical spectroscopies, sensor systems, and in optoelectronic devices. 
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4.7 Supporting Information 
 
 
 
Figure S1 (A) Atomic force micrograph and (B) line scan 
showing 47 nm Ag film and 19 nm ZnPC film on mica.  
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Figure S2 Spectroscopic ellipsometry of 47 nm Ag (solid line) and 47 nm Ag + 
19 nm ZnPC (dashed line) films on glass. (A) Delta and (B) Psi. 
Measurements were taken using a custom rotating analyzer ellipsometer 
(RAE) at 70 degrees with a tungsten halogen light source.  
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Figure S3 Refractive index (n) and absorption coefficient (κ) for 47 nm Ag 
film on glass determined with spectroscopic ellipsometry.  
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 Figure S4 Refractive index (n) and absorption coefficient (κ) for ZnPC as 
determined by fitting spectroscopic ellipsometry results (Fig.S2) for 19 nm 
ZnPC film on 47 nm Ag/Glass.  
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Figure S5 Calculated reflectance spectrum for BK7 prism with 47 nm Ag film in 
Kretschmann configuration (A) as a function of angle of incidence. Reflectance for 
(B) transverse magnetic (TM) and (C) transverse electric (TE) light. The intensity 
scales are:(B)0<RTM <1.2and(C)0.9<RTE <1.1  
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Figure S6 Calculated reflectance spectra for Kretschman configuration 
(A) using BK7 prism with 47 nm Ag and 19 nm ZnPC films as a function 
of angle of incidence. Reflectance for (B) transverse magnetic (0 < RTM < 
1.2) and (C) transverse electric (0.9 < RTE < 1.1) light.  
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Figure S7 Optical constants and SPR propagation length for films on silver. 
Non-absorbing material (κ=0) with constant refractive index: (A) optical 
constants and (B) SPR propagation length. Hypothetical material with strong 
molecular resonance (κ = 0) with variable refractive index: (C) optical 
constants and (D) SPR propagation length. 
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Figure S8 Calculated reflectance spectrum for Kretschman configuration 
at θ = 46° using BK7 prism with 47 nm Ag as a function of ZnPC film 
thickness from 0 to 140 nm ZnPC. Reflectance for (A) transverse 
magnetic (0 < RTM < 1.2) and (B) transverse electric (0.9 < RTE < 1.1) 
light.  
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Figure S9 Calculated reflectance spectrum for Kretschman configuration at 
θ = 46° using BK7 prism with 47 nm Ag as a function of thickness of 
dielectric film (nfilm = 2, κfilm=0) from 0 to 500 nm. Reflectance for (A) 
transverse magnetic and (B) transverse electric light.  
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CHAPTER 5 USE OF DISPERSION IMAGING FOR GRATING-COUPLED 
SURFACE PLASMON RESONANCE SENSING OF MULTILAYER 
LANGMUIR-BLODGETT FILMS 
                           Analytical Chemistry, 85 4080-4086 (2013) 
                               Wei-Hsun Yeh and Andrew C. Hillier 
5.1 Abstract 
We report grating-coupled surface plasmon resonance measurements involving the use of 
dispersion images to interpret the optical transmission through a metal-coated grating, and the 
influence of multilayer Langmuir-Blodgett films of arachidic acid on that response. Optical 
transmission through a grating coated with a thin, gold film exhibits features characteristic of the 
excitation of surface plasmon resonance due to coupling with the nanostructured grating surface. 
Evidence of numerous surface plasmon modes associated with coupling at both front (gold/air) 
and back (gold/substrate) grating interfaces is observed. The influence of wavelength and angle 
of incidence on plasmon coupling can be readily characterized via dispersion images, and the 
associated image features can be indexed to matching conditions associated with several 
diffracted orders at both the front and back of the grating. These features collapse onto a set of 
global dispersion curves when plotted as peak energy versus the grating wavevector, with feature 
locations clustered according to the refractive index values of the neighboring dielectric material, 
either air or polycarbonate. Coating of the grating with multilayer arachidic acid films via 
Langmuir-Blodgett deposition results in red-shifting of some, but not all, of the plasmon 
features. The magnitude of the shift is a function of the film thickness, wavelength, and angle of 
incidence. Dispersion images clearly depict the red-shifting and also broadening of the front side 
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features with increasing film thickness. In contrast, little change is observed in features 
associated with the back-side of the grating. The nature and magnitude of the interaction between 
the plasmon modes appearing at the front and back sides of the grating are discussed and 
analyzed in terms of the predicted interactions determined via optical modeling calculations. 
5.2 Introduction 
 Optical sensors based upon surface plasmon resonance (SPR) have become exceedingly 
popular analytical tools for thin film and adsorption sensing.1 One of the key design parameters 
for SPR sensors is the choice of optical coupler, which is needed to match the momentum of an 
input light wave to the surface plasmons at a metal/dielectric interface. The most commonly used 
coupling method is the so-called Kretschmann-Raether configuration, whereby attenuated total 
internal reflection at the interface of a high refractive index prism is used to generate the 
matching conditions necessary to excite surface plasmons.2 An alternative and increasingly 
attractive approach is one that exploits nanostructured surfaces to couple to surface plasmons.3 
Some examples of nanostructures used for SPR sensing include nano-hole arrays,4 single 
nanometer-scale holes,5 nanoslit arrays,6 and various grating-type and diffractive nanostructures.7 
One of the most readily accessible nanostructures that can be used to excite surface plasmons are 
those based upon diffraction gratings.8 Notably, the very first observation of surface plasmons 
was made in 1902 by Wood when studying a metallic diffraction grating.9 Gratings are 
advantageous in that they are commercially available in a variety of forms, either as optical 
elements used for spectroscopy or as CDs, DVD and blue-ray discs. In addition, custom gratings 
can be readily fabricated via machining and laser-based interferometry techniques.7, 10 
Grating-based SPR sensing has several key advantages compared to other SPR methods.1c, 11 
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Gratings represent an inherently information-rich substrate due to surface plasmons appearing in 
not only the directly reflected or transmitted peaks, but also in the various diffracted orders.10a In 
addition, the plasmon response is highly tunable based upon the size and shape of the grating 
topology. Indeed, changing the amplitude, shape or pitch of the grating profile has a dramatic 
effect on the wavelength and shape of the plasmon resonance.7a, 12 Thus, this substrate represents 
a highly flexible and tunable platform for sensor development. 
One of the challenges associated with grating-based SPR platforms involves the fact that 
the nature of this surface is complex and can lead to the simultaneous excitation of multiple 
surface plasmons, and overlap between those various modes. For example, more than one surface 
plasmon mode can be excited due to the opportunity for coupling to several diffracted orders 
from the grating interface.13 In addition, the two-sided nature of grating couplers allows surface 
plasmons to be excited at both metal-dielectric interfaces. This means that surface plasmons can 
exist at both the “front” and “back” sides of the grating. Ultimately, the formation of multiple 
surface plasmon modes leads to the appearance of additional features and complexity in the 
optical response, which can complicate interpretation of this data. In order to address the added 
complexity of grating-coupled SPR, we describe the use of dispersion images to provide a 
detailed picture of surface plasmon excitation at a model metal-coated grating. An asymmetric 
grating comprised of a plastic/metal/ambient interface is constructed and analyzed via angle-scan 
transmission measurements. Various optical features in this response are analyzed in terms of the 
associated diffracted orders at the metal/dielectric interface to accurately identify the origin of 
these features. These data are also compared to results from optical modeling. The impact of a 
dielectric coating consisting of a multilayer Langmuir-Blodgett film is also examined in terms of 
the shifts (or lack thereof) of the various plasmon peaks. 
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5.3 Experimental Section 
5.3.1 Materials and Reagent 
 Arachidic acid and chloroform were purchased from Sigma Aldrich (St. Louis, MO). All 
chemicals and reagents were used as received. Deionized water 3with electrical resistivity 
greater than 18 MΩcm was used during rinsing and cleaning procedures (NANOPure, 
Barnstead, Dubuque, IA). Recordable digital versatile discs (DVD-R, 4.7GB) were purchased 
from Inkjet Art Solutions (Salt Lake City, UT). Gold (99.999%) and Tungsten wire baskets were 
purchased from Ted Pella, Inc. (Redding, CA). 
5.3.2 Grating Construction 
Gratings substrates were prepared from commercial DVD-Rs, which were split with a 
razor blade, cleaned, and then coated with a thin layer of gold, as described previously.7c Gold 
was coated to a thickness of ~ 40 nm using a thermal metal evaporator (Benchtop Turbo III, 
Denton Vacuum). The metal thickness was verified during deposition using a quartz crystal 
thickness monitor and confirmed post-deposition using a combination of atomic force 
microscopy and optical absorbance measurements. 
5.3.3 Langmuir-Blodgett Deposition 
Multilayer films of arachidic acid were deposited onto the gold-coated grating by 
Langmuir-Blodgett deposition using a computer-controlled deposition trough (Model 610, Nima 
Technologies). Films of arachidic acid were spread onto a pure water subphase using chloroform 
as a solvent. Following solvent evaporation, the surface film was compressed to a surface 
pressure of ~ 15 mN m-1. Films were then formed on the grating substrates by automated dip-
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coating. Gratings were translated at a rate of 1 mm min-1 through the air/water interface and the 
arachidic acid was replenished between deposition strokes to maintain a constant surface 
pressure. Film thicknesses were confirmed using a combination of quartz crystal gravimetry, 
ellipsometry, and atomic force microscopy. 
5.3.4 Atomic Force Microscope (AFM) Imaging 
AFM imaging of the sample surfaces was performed with a Dimension 3100 scanning 
probe microscope and a Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA). 
Imaging was performed in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, 
LLC, Santa Barbara, CA) with a spring constant of ~70 N m–1 and a resonance frequency of 
~280 kHz. 
5.3.5 Optical Characterization 
All optical transmission measurements were carried out using a custom-built optical 
system (Fig.S.1, Supporting Information). White light from a tungsten- halogen source (Model 
LS1, Ocean Optics, Dunedin, FL) was collimated using a convex lens with focal length of 150 
mm (Newport Corp.). The resulting beam passed through a Glan Thompson polarizer before 
illuminating the grating sample through a 2 mm diameter aperture. The sample was mounted on 
a motorized, rotating sample stage (Model PRM1Z8, Thorlabs) for automated alignment and 
rotation. The transmitted light was collected using a 600 µm optical fiber and recorded with a 
fiber optic spectrometer (SD2000, Ocean Optics, Inc., Dunedin, FL). Dispersion images were 
acquired by rotating the sample using the motorized sample stage, and synchronizing this 
rotation with the acquisition of transmission spectra through the spectrometer using a custom-
built Labview code. 
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5.3.6 Optical Modeling 
 The rigorously coupled wave analysis (RCWA) method was used to model the optical 
response of the grating with various coated layers, as described previously.14 Briefly, diffraction 
efficiencies were computed for transmitted and reflected light using both transverse magnetic 
(TM) and transverse electric (TE) incident light as a function of wavelength and angle of 
incidence. A custom-built code was written in Matlab to perform the computations. The grating 
geometry was approximated based upon fitting AFM images of the grating surface. The surface 
profile of the grating was represented using two-different shapes, one with a sawtooth profile and 
the other with a more segmented shape, and both having a pitch of 700 nm and amplitude of 120 
nm. Wavelength-dependent refractive index values used in the computations included published 
values for gold.15 The polycarbonate substrate was modeled using the Sellmeier equation.16 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Scheme 1 Schematic of grating showing air/film/metal/polycarbonate 
interfaces and primary reflected (R
several diffracted orders at the front (metal/film) and back 
(metal/polycarbonate) grating interfaces.
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5.4 Results and Discussion 
 A representative sample geometry used for grating-coupled surface plasmon resonance 
(GC- SPR) is depicted in Scheme 1. A typical sample consists of an optically-transparent 
substrate (polycarbonate, in this case) on which the grating topology is molded. A thin gold film 
is coated on one side of the grating in order to support the generation of surface plasmon 
polaritons (SPPs) at the metal-dielectric interfaces. For sensing applications, a thin film or 
adsorbate is anchored at the metal/air interface, which changes the local dielectric environment 
near the metal surface and perturbs the resonance conditions for the SPPs. This generally 
produces a red-shift in the resonance conditions that can be observed through changes in the 
transmitted or reflected light.2a Coupling to SPPs can occur via several different grating orders on 
both back (gold/polycarbonate) and front (gold/film/air) sides of the grating interface and can be 
observed in both transmission (T) and reflection (R) modes, as depicted in Scheme 1. 
 Grating-coupled SPR has been shown to produce enhanced optical transmission at specific 
wavelengths associated with a matching of the grating wavevector with that of SPPs at the 
metal/dielectric interface.7c An example of this enhancement is shown in Fig.1, which depicts a 
series of p-polarized transmission spectra for light incident on a gold-coated grating as a function 
of angle of incidence. An enhanced transmission peak is evident at ~750 nm for directly 
transmitted light ( θ = 0°). Changing the angle of incidence shifts the location of the  
 
 
 
 
 
  
 
 
 
 
Figure 1 Experimental transmission spectra (p
gold-coated (40 nm) DVD grating as a function of wavelength and angle of 
incidence. 
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enhanced transmission peak, as well as producing additional features in the transmission spectra. 
Indeed, several of the peaks appearing in Fig.1 can be indexed according to specific diffracted 
orders coupling to SPPs in the metal film, and the change in these peak positions with angle of 
incidence has been previously noted.7c, 17 A closer look at the various transmission spectra shows 
fine structure, however, that is difficult to immediately identify. 
A more complete picture of the transmission response, and greater detail about the subtle 
features observed in the spectra, can be more readily seen in the form of a dispersion image 
(Fig.2A). This image represents a dense compilation of experimentally measured spectra  
taken over a range of incident angles. These data were acquired by recording p-polarized 
transmission spectra every 0.5° while rotating the sample grating about its axis using a computer 
controlled rotation stage. The image was normalized by dividing it by the s-polarized 
transmission spectra of a flat, gold-coated surface with the same gold thickness. Within this 
dispersion image appears a series of crossing lines of either enhanced (light) or suppressed (dark) 
intensity. At the center of the image, for example, is a pair of light-colored features in the form 
of an x-pattern associated with the most intense, enhanced light transmission. These features 
correspond to SPPs generated at the gold/air interface through coupling to the grating’s  ±1 
diffracted orders (the +1 order has a negative slope and the -1 order has a positive slope).7c 
Additional light and dark lines are also seen throughout the image. These additional features are 
also SPPs, which are generated through coupling to various other diffracted orders at either the 
front (gold/air) or the back (gold/polycarbonate) sides of the grating (vide infra). 
Identifying the specific location (front or back of grating) and diffracted orders associated  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 2 (A) Dispersion image showing a compilation of experimental p
polarized transmission data
through a gold- coated grating. The data has been normalized by dividing by 
the s-polarized transmission spectra of a flat surface with the same gold 
thickness. (B) Calculated SPR matching conditions for gold
having a 700 nm pitch. The matching conditions and corresponding 
diffraction orders are identified with solid and dashed lines. All backside 
(gold/polycarbonate) diffraction features are identified with (b) and dashed 
lines. The remaining front side (gold/air) features are identified with solid 
lines. 
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with each of these features can be achieved by indexing them with respect to the grating (kgr) and 
surface plasmon (ksp) wavevectors. The matching condition between the SPP and a grating is 
given by: 
ksp =
2π
λ0
εM
' εD
εM
' +εD
=
2π
λ0
εD sinθ0 + m
2π
Λ
= kgr                           (1) 
where λ is the wavelength of light, ε’M is the real value of the metal’s dielectric constant, εD is 
the dielectric constant of the neighboring layer (polycarbonate or air), n is the refractive index of 
the incident medium (air), θ is angle of incidence, m is an integer (0, ±1, ±2, ...) indicating the 
diffracted order, and Λ is the grating pitch.1b, 2a, 8 Using this formula, the dispersion relations for 
SPP matching in a gold film can be determined for the various diffracted orders. Fig.2B depicts 
these relations for several diffracted orders corresponding to the front (gold/air, solid lines) and 
back (gold/polycarbonate, dashed lines) of the grating. The primary front side feature of note is 
the matching associated with the +1 and -1 diffracted orders. As noted earlier, these correspond 
to the largest enhanced transmission features in the experimental dispersion image (Fig.2A). In 
addition, there are features associated with coupling to the ± 2 diffracted orders at the front side 
of the grating. These appear as enhanced transmission at larger angles and lower wavelengths in 
the experimental data. The majority of the other features in the dispersion images, which are 
primarily dark features, can be associated with SPPs generated at the back or polycarbonate/gold 
side of the grating (as noted by dashed lines in Fig.2B). All of these back-side SPPs appear as 
reduced transmission or valleys in the experimental dispersion images. 
 The various features associated with the front and back side SPPs can also be considered in 
terms of the overall dispersion relations as described in Eqn. (1). In particular,  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Plot of peak energy (E) versus grating wavevector (k
conditions identified in Fig.2.B for refractive index values of n
and 1.55 (polycarbonate, dashed line). Data points corresponding to front
(open squares) and back-side (solid squares) features are also plotted.
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if one plots the matching conditions for the SPPs in terms of the plasmon energy (in eV) versus 
the grating wavevector (in nm-1), the front and back side features all collapse onto two curves, 
distinguished by the refractive index value of the material at the specific metal/dielectric 
interface. Fig.3 shows such a plot, where the calculated results from Fig. 2B have been recast in 
terms of the peak energy (E) versus the grating wavevector (kgr).18 All diffracted orders 
associated with SPPs at the metal/air interface collapse onto the line associated with the 
dielectric constant for air (nD = 1, solid line), while all those associated with the 
metal/polycarbonate interface collapse onto the line associate with a refractive index of nD ~1.55 
(dashed line), which is approximately the value reported for polycarbonate in the visible 
spectrum.16 In addition, when data from the light (open squares) and dark (filled squares) features 
in the experimental data in Fig.2A are plotted in Fig. 3, they all fall either on the front or back-
side curves, corresponding to the refractive index of the nearest dielectric material. 
 Although the comparison between the SPP matching condition (Eqn. 1) and the 
experimental results showed good agreement in terms of feature location, subtle details in the 
experimental data, such as the intensity of the transmitted light or details of the regions where 
front and back-side features overlap, cannot be represented by this equation. In order to more 
fully explore the nature of the various features in the dispersion image, a simulation of the 
optical transmission through a model grating structure was performed. Two different grating 
shapes were examined. Both shapes are approximations of the measured profile of the grating 
surface (Fig. S.2, Supporting Information). The first modeled topology was a simple sawtooth 
profile having the same pitch and amplitude as the sample grating. The structure in  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Computed dispersion images for transverse magnetic (T
through two different grating profiles having a 700 nm pitch and 120 nm 
amplitude with a 40 nm gold layer: (A) sawtooth profile and (B) segmented 
profile. The surface profiles for each image are identified in the insets.
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the optical model was constructed with a polycarbonate base (nD ~ 1.55), a gold film with a 
thickness of 40 nm, and an ambient environment of air. A second profile was constructed with a 
sharper peaked shape to more closely approximate the experimental profile. Both the sawtooth 
and peaked profile are shown as insets in Fig.4. 
 The optical response of these gratings was computed using the rigorously coupled wave 
analysis (RCWA) method.14 The results are shown for transverse magnetic (TM) polarized light 
through the grating structure, divided by transverse electric (TE) polarized light through a flat, 
gold-coated surface. The upper image (Fig.4A) is for the sawtooth and the lower (Fig.4B) is for 
the peaked profile. The computed transmission images have numerous features in common with 
the experimental results (Fig.2A). Notably, the location and intensity of the bright crossing lines 
associated with the +/-1 diffracted peaks are in approximately the same location and exhibit a 
similar magnitude of enhancement (with TM,max ~ 5). For the sawtooth profile (Fig.4A), the 
enhanced transmission features associated with the +/- 1 diffracted orders are continuous until 
they intersect with the +/- 2 back-side peaks at ~650 nm, where the intensity is extinguished. 
This behavior is also observed in the experimental data. However, in the experimental data, an 
additional drop in the light enhancement for the +/- 1 order features is observed at ~750 nm, 
where a vertical energy gap appears. This energy gap is consistent with behavior associated with 
coupling of SPPs to higher order harmonics in the surface periodicity (more precisely, a surface 
possessing an additional grating wavevector at twice that coupling to the SPP), as has been 
reported previously.19 Notably, if one closely examines the model results from the peaked profile 
(Fig.4B), which possesses a more significant harmonic component in its profile, a similar energy 
gap also appears at ~750 nm. In addition to these features, the location and orientation  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 5 Transmission spectra measured at an angle of incidence of (A) 0° 
and (B) 10° through gold-coated grating with Langmuir
arachidic acid at 0, 3, 6 and 9 layer (L) thicknesses. The spectra have been 
offset in the vertical direction for clari
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of the other peaks and valleys in the simulated images are quite similar to the measured image. 
Notably, all of these features can be associated with the excitation of SPPs at either the front 
(gold/air) or back (gold/polycarbonate) sides of the grating. Of these modeled responses, the 
experimental results more closely follow the behavior of the peaked profile in Fig.4B. 
 We, and others, have previously demonstrated that enhanced transmission peaks associated 
with grating-coupled surface plasmon resonance can be used to quantify the thickness of 
adsorbed thin films or changing dielectric media.7c, 13, 17, 20 In order to investigate the impact of 
thin, coated films on the various transmission features observed in Fig.2, we constructed 
multilayer films of arachidic acid. Langmuir-Blodgett film deposition was used in order to 
controllably fabricate films of varying thickness. Arachidic acid was spread onto a deionized 
water subphase from a chloroform solution, and deposited at a fixed film pressure (Fig.S.3, 
Supporting Information). The arachidic acid monolayer was compressed to a deposition pressure 
of ~ 15 mN m-1. Film coating was then performed by dipping the grating substrate through the 
arachidic acid monolayer at air/water interface. Multiple layers were formed by sequential 
dipping at this film pressure. 
The typical response of the enhanced transmission peaks to increasing adsorbed film thickness is 
to produce a red-shift in the peak positions. This is clearly seen for the transmission peak 
associated with the -1 order (Fig.5) at two different angles of incidence. At θ = 0°, films of 0, 3, 
6 and 9 layers of arachidic acid are shown, where each layer corresponds to a bilayer of arachidic 
acid that forms during a dipping stroke down and back up through the monolayer. The addition 
of these films produces a red-shifting and broadening of the transmission peak (Fig.5A). A 
similar red-shifting and broadening is seen  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Comparison of the shift in enhanced transmission peaks (from 
Fig.5) versus film thicknesses (as determined by spectroscopic 
ellipsometry) at angles of incidence of 0° and 10° for arachidic acid 
multilayers. 
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when this peak is measured at an incident angle of θ =10° (Fig.5B). A quantitative comparison of 
the peak shifts is illustrated in Fig.6, where the shift in the transmission peak position is plotted 
versus the film thickness. The film thicknesses were measured using ellipsometry. According to 
the ellipsometry results, the average thickness of the arachidic acid layer formed during a single 
down/up dipping stroke is ~ 4.5 nm, which is consistent with a bilayer of arachidic acid being 
deposited (a Y-type film).21 Literature reports for a single arachidic acid layer give a thickness of 
between 2.2 and 2.8 nm,22 which is approximately half the measured thickness and consistent 
with the formation of a bilayer. The thickness sensitivity of the plasmon peak shifts are ~0.55 nm 
shift/nm thickness at θ =0° and ~0.9 nm shift/nm thickness at θ =10°. These values are similar to 
previous measurements of thin 11 organic films,7c, 13 and consistent with the fact that the 
sensitivity of the peak shifts increases at higher resonant wavelengths, which is the case for the 
higher sensitivity of the m = -1 peak at θ =10° versus at θ =0°. 
 Although the enhanced transmission peak associated with the -1 diffracted order red-shifts 
in the presence of an adsorbed film as one would expect, the other transmission features 
appearing throughout the transmission spectrum do not all behave similarly. A more complete 
picture of the transmission response can be seen with dispersion images of the surface with 
various film coatings. The shifts (and lack thereof) can be seen most clearly through the use of 
subtraction images. Fig.7 depicts two such images. Fig.7A shows an image created by 
subtracting the bare substrate image (Fig.6A) from the dispersion image after deposition of a 3L 
film (Fig.6B). This subtraction image will show high contrast, and a blue followed by yellow/red 
stripes where there has been a red shift in the peaks. Fig.7A shows these features primarily along 
the +/- 1 diffracted orders associated with the front side  
 
  
 
 
 
 
 
 
 
 
 
Figure 7 Difference (Tp,film 
images of the (A) 3 layer and (B) 6 layer films and subtracting the bare or 
uncoated grating. High contrast (red to blue) regions on this image indicate 
significant red-shifting of the associated dispersion features on the film
samples. 
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of the grating. A smaller, yet still noticeable, contrast change is seen at the +/- 2 front side  
peaks. Very little change is seen at the back-side peaks. This behavior is even more evident when 
plotting the subtraction image created from the dispersion image from the 6 layer film minus the 
bare substrate (Fig.7B). In this image, strong blue to red contrast is observed along the +/- 1 and 
+/- 2 front side features, with a much smaller change along the back-side features. An 
explanation for this behavior, and a more complete picture of the origins and nature of the 
features in these data can be obtained by modeling the optical response of this grating structure. 
The influence of a film on the front side (gold/air) interface on the location of the various SPP 
features can also be more clearly seen by using the matching relation in Eqn. (1). The addition of 
a film on the front gold/air interface has the effect of increasing the effective refractive index at 
that interface from a value of that for air (nD = 1), to a larger value. If one considers how that 
behavior impacts the SPP coupling conditions as described by Eqn.1, it produces a red-shift in all 
of the SPPs. This is shown in Fig.8A, which plots the front side peaks associated with the +/- 1 
and +/- 2 diffracted orders for refractive index values of 1, 1.1, and 1.2 for the neighboring 
dielectric. All of these peaks red-shift with increasing refractive index value. When plotted as 
energy (E) versus grating wavevector (kgr) (Fig.8B), the result of a changing dielectric constant is 
the appearance of a single new dispersion curve for each refractive index. Thus, the effect of a 
film is to increase the effective refractive index of the air/gold interface, which shifts the entire 
set of front-side plasmon peaks to longer wavelengths (or lower energies). Notably, under 
conditions where the plasmon decay length within the metal is small, such as due to the lack of 
optical symmetry at the front and back metal surfaces, the plasmons that form at the front and 
back side do not communicate. In this circumstance, the back side peaks would be  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 (A) Calculated SPR matching conditions for front
function refractive index of the surrounding dielectric (n
energy versus grating wavevector for refractive index values of 1.0 (air), 1.2, 
and 1.55 (polycarbonate). Data points for 12 L arachidic acid film on grating 
for front-side (open squares) and back
shown. 
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unaffected  by the presence of a film on the front side of the grating, which would support the 
observed behavior where the back side peaks do not appear to shift in the presence of the 
arachidic acid films. Indeed, if one considers experimental results from a 12 L arachidic acid 
film, the front and back side features exhibit this behavior. In Fig. 8B, the positions of several 
front side peaks are plotted (open squares) and they all fall nearly along the curve for an effective 
refractive index of nD = 1.2, as opposed to falling on the nD = 1.0 line without the film. In 
contrast, the back-side peaks (filled squares) still remain near the line corresponding to the 
higher refractive index of the polycarbonate (nD = 1.55). Notably, there are conditions, such as in 
the presence of a very thin metal layer or with a symmetric that can support long-range 
plasmons, where the front and back sides SPPs would interact and both would be impacted by 
changes in the dielectric environment on the other side of the grating. However, that does not 
appear to be the case here. 
5.5 Conclusions 
 Surface plasmon resonance sensors using nanostructured surfaces, including diffraction 
gratings, have become an increasingly popular alternative to the more traditional prism-type 
couplers. The ability to fabricate nanostructures with well-defined surface topologies allows for 
fine-tuning of the optical response, and a greater ability to control the nature of the coupling to 
surface plasmons. With this added control, however, comes an added complexity. For example, 
multiple features, including multiple peaks and valleys, often appear in the optical response of 
grating- coupled SPR. These additional features are associated with the excitation of several 
surface plasmon modes, which can be due to the two-sided nature of the grating and also to 
excitation via higher diffracted orders. 
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This study focused on understanding the complex optical response that can result from a grating-
coupler scheme for surface plasmon resonance sensing. For transmission-based sensing, surface 
plasmons existing at both the front and back sides of the grating can appear as features, either 
peaks or valleys, in the transmission spectrum. Interpretation of these features can be assisted 
through the use of dispersion images, which plot the transmission spectrum as a function of angle 
of incidence. Combined with optical modeling, we have shown how the features in these 
dispersion images can be directly indexed to specific plasmon modes, including the associated 
diffraction order and the interface (front or back side) that the surface plasmon exists. In 
addition, the sensitivity of these features to changes in the local refractive index, such as via the 
deposition of thin films, is highly dependent upon the location of the refractive index change. For 
the deposition of thin films on the metal/ambient or “front-side” of the grating, only the front 
side features exhibited the characteristic red-shifting. Features in the optical spectrum associated 
with metal/substrate interface or “back-side” of the grating did not shift in the presence of film 
formation on the grating’s front side. For an asymmetric grating, like the one used here, this 
would be the general behavior. However, for a grating in which the wavefunctions of the surface 
plasmons at the front and back side interfaces overlapped, such as with a symmetric grating or 
for one with an exceedingly thin metal film, one would expect a more complex response. 
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CHAPTER 6 TUNING AND OPTIMIZING SURFACE PLASMON 
RESONANCE-ENHANCED TRANSMISSION THROUGH A MULTI-
AMPLITUDE GRATING 
An article prepared for Analytical Chemistry  
6.1 Abstract 
We report the fabrication and testing of enhanced transmission through a multi-amplitude 
grating. This grating has a constant pitch but varying amplitude along its surface. A series of 
enhanced transmission spectra are collected at several positions of the grating. The magnitude of 
the enhanced transmission peaks varies as the amplitudes of the grating varies. Maximum 
magnitude of transmission peaks is observed as the amplitude has a critical value. Beyond or 
below the critical value, the magnitude of transmission peaks decreases. We also found that 
transmission enhancements are strongly affected by the diffraction efficiencies. A maximum 
enhancement is observed as diffraction efficiency is largest where amplitude reaches the critical 
value. The experimental results are then compared to the simulation. 
6.2 Introduction 
Metal-coated nanostructured surfaces induce surface plasmons when p-polarized light 
interacts with free electrons on the surface. Enhanced transmission is one of optical responses 
from SPR and has gained increasingly interest recently.[1, 2] Considerable research has been 
conducted to obtain enhanced transmission by using different nanoscaled and patterned surfaces, 
such as nanohole arrays,[3] nanoslit arrays,[4] and diffraction gratings.[5, 6]  
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Diffraction gratings are an attractive SPR platform in that they are inexpensive and 
commercially available. For example, CDs and DVDs discs are commercially low-cost 
diffraction gratings and have been used as sensitive SPR sensors.[6-8] Another advantage of 
diffraction gratings is the tunable optical behavior of SPs. That is, the optical responses of 
enhanced transmission can be tuned by changing the topology of gratings. The shape, pitch, and 
amplitude of the grating impact the behavior of SPs. We have previously demonstrated that a 
chirped diffraction grating that has varying topology along its surface posses rich information 
about SPR.[5] The wavelength and magnitude of transmission peaks are drastically impacted by 
the pitch and amplitude of the grating.  
By using interference lithography, the topology of the gratings can be precisely dialed 
into desired pitch and amplitude values.[9-11] The period of the intensity modulation defines the 
pitch of the grating. The amplitude of the gratings can be tuned by the exposure dose of laser on 
the photoresist or by the development time in the lithography process. Lloyd’s mirror is one 
common configuration of interference lithography.[12] Lloyd’s mirror is advantageous in that 
the setup is simple and large area of a grating can be readily fabricated.  
In this work, enhanced transmission is demonstrated by utilizing a diffraction grating that 
has a chirped amplitude profile. We illustrate how the amplitudes of the grating impact the 
magnitudes of the enhanced transmission peaks. Several amplitudes are fabricated by changing 
the development time of the positive photoresist in the lithography procedure. An optically 
transparent replica of the grating is fabricated by using a procedure in our previous work. A 
series of transmission spectra through the silver-coated grating at different positions are collected 
and the experimental results are then compared to the simulation and a precise mechanism is 
proposed to produce the maximum transmission enhancement. 
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6.3 Experimental Section 
6.3.1 Material and Reagents 
Microposit S1813 Positive photoresist and Microposit 352 developer was from Rohm and 
Haas Electronic Materials LLC. UV curable photopolymer (NOA 61, Edmund Optics), 
polydimethylsiloxane (SYLGARD 182, Dow Corning), sulfuric acid and hydrogen peroxide 
(30%) (Sigma Aldrich) were used as received. Glass slides were purchased from Fisher 
Scientific (Pittsburgh, PA). Silver (99.999%) and tungsten wire baskets were purchased from 
Ted Pella, Inc. (Redding, CA). Deionized water with electrical resistivity greater than 18 MΩ·cm 
was used during rinsing and cleaning procedures (NANOPure, Barnstead, Dubuque, IA). 
6.3.2 Grating Construction 
Fresh piranha solution (mixture of 3:1 concentrated sulfuric acid to 30% hydrogen 
peroxide solution) was used to clean the glass slides. Caution: piranha solution reacts 
violently with organic compounds! Following cleaning, the glass slides were rinsed vigorously 
with deionized water and dried under nitrogen. Glass slides were prebaked at 100 °C for 3 
minutes to remove moisture before photoresist deposition. After prebaking, a glass slide was 
transferred to the stage of a spin coater (WS-650MZ-23NPP, Laurell Technology Corp.) and 
then positive photoresist was spin cast to form a thin film onto the glass slide. The rotation speed 
of the stage was first set at 500 rpm for 5 seconds. The speed was then increased to 4000 rpm for 
40 seconds. The acceleration time between these two steps is less than 3 seconds. Following 
deposition, the film-coated slide was baked at 90 °C for 3 minutes to accelerate solvent 
evaporation. After baking, the slide was transferred to the sample holder of Lloyd’s mirror 
(Scheme 1). [13] Expended laser beam (405 nm) illuminates the sample  
  
 
 
 
 
 
 
 
 
 
 
Scheme 1 The setup of Lloyd’s configuration. A laser with a wavelength at 405 
nm is used, and a spatial filter is used to expand laser beam. After passing 
through a pinhole, the expended la
via interference creates modulated sinusoidal intensity profile on the surface 
of the sample. 
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holder and the reflection from both the photoresist and the mirror forms an interference pattern 
on the surface of the photoresist. The interference pattern has a sinusoidal modulated intensity 
profile. The period of the intensity profile is controlled by the incident angle. In our case, the 
incident angle is ~ 19° and the period is ~ 624 nm. The period of the profile then defines the 
pitch of exposed modulation which forms on the photoresist.  After laser exposure, the sample 
was postbaked at 110 °C for 3 minutes to improve the adhesion between photoresist and slides. 
Following postbaking, the sample was transferred to the mount of motor arm. The motor arm 
was controlled by a custom-built LabVIEW code. The developing process is shown in Scheme 2. 
The sample was dipped into the developer with a step distance = 2 mm and the time interval 
between each step is 30 second. As the number of steps increases the development time becomes 
longer. Longer development time leads to larger penetration depth of exposed photoresist and 
thus forms larger amplitude. By varying developing time as shown in Scheme 2, we obtained the 
chirped amplitude diffraction grating. After development, the grating was rinse vigorously with 
deionized water and dried under nitrogen.  
A replicate of the multi-amplitude grating was obtained by using procedures described in 
our previous work.[5] Briefly, PDMS was used to form a stamp that has the topology of chirped 
amplitude grating. A liquid photopolymer (NOA 61, Edmund Optics) was applied on the 
polydimethylsiloxane (PDMS) stamp a nd cured under UV light. By peeling off the PDMS 
stamp, a transparent rigid grating was obtained. The samples was subsequently placed in a 
vacuum chamber (model Bench Top Turbo III, Denton Vacuum, Moorestown, NJ) for deposition 
of 40 nm of silver by resistive heating from a tungsten wire basket at a rate of 0.1 Å s−1 and a 
pressure of <10−5 Torr. 
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6.3.3 Atomic Force Microscopy (AFM) Imaging 
AFM imaging of the sample surfaces was performed with a Dimension 3100 scanning 
probe microscope and a Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA). 
Imaging was performed in tapping mode using silicon TESP7 AFM tips (Veeco Metrology) with 
a spring constant of 70 N m−1 and a resonance frequency of 280 kHz. 
6.3.4 Optical Characterization  
All optical transmission measurements were carried out using a custom-built optical 
system.[8] White light from a tungsten-halogen source (Model LS1, Ocean Optics, Dunedin, FL) 
was collimated using a convex lens with focal length of 150 mm (Newport Corp.). The resulting 
beam passed through a Glan Thompson polarizer before illuminating the grating sample through 
a 2 mm diameter aperture. The transmitted light was collected using a 600 µm optical fiber and 
recorded with a fiber optic spectrometer (SD2000, Ocean Optics, Inc., Dunedin, FL). 
6.3.5 Optical Modeling 
A commercial software, PCGrate, was used to model the optical responses from the 
grating having different amplitudes. Briefly, diffraction efficiencies were computed for 
transmitted and reflected light using both transverse magnetic (TM) and transverse electric 
 (TE) incident light as a function of wavelength and angle of incidence. The grating geometry 
was approximated on the basis of fitting AFM images of the grating surface. Wavelength-
dependent refractive index values used in the computations included published values for 
silver.[13] The polycarbonate substrate was modeled using the Sellmeier equation.[14] 
 
 
  
 
 
 
 
 
 
 
Scheme 2 Illustration of the fabrication of a chirped amplitude grating 
by increasing development time with time increment = 30 seconds. 
Positive photoresist is spin cast on a glass slide. Af
the sample is mounted onto a motor stage and the stage is operated via 
custom-built Labview code to control dipping distance and duration of 
incubation. Larger amplitude is obtained as the development time 
increases. 
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6.4 Results and Discussion 
Enhanced transmission is an optical phenomenon excited by surface plasmon resonance 
(SPR) as p-polarized light passes through metal-coated nanostructured substrates. [2] Diffraction 
gratings are one of these substrates used to obtain enhanced transmission.[6] The optical 
behaviors of enhanced transmission peaks can be tuned by the surface topology of diffraction 
gratings. In our previous work, we illustrated that various topologies on a chirped diffraction 
grating impacts both the wavelength and magnitude of transmission peaks.[5] 
The wavelengths of the transmission peaks can be deduced by considering the 
momentum matching condition between the wavevector of SPs with that of p-polarized incident 
light interacting with the grating. The momentum matching condition can be described by the 
analytical solution from Maxwell’s equations,  
  
,-  2/ 0 1
2 12   
2/  sin    2/Λ                        1 
where where λ is the wavelength of light, ε′M is the real part of the metal’s dielectric 
constant, εD is the dielectric constant of the neighboring layer (polycarbonate or air), n is the 
refractive index of the incident medium (air), θ is angle of incidence, m is an integer (0, ±1, ±2, 
...) indicating the diffracted order, and Λ is the grating pitch  It is evident that at θ = 0° the 
wavelength of transmission peaks tracks with the pitch of diffraction gratings. However, Eqn. (1) 
does not describe how other topology features, such as amplitudes of gratings,  
 
  
 
 
 
 
 
 
Figure 1 (A) An optical image showing reflection from a silver
chirped amplitude grating. The 
where diffraction images are taken (see below). (B) Optical diffraction 
images acquired at various 
grating. An optical microscop
obtains the images. 
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x-positions along the center of the diffraction 
e with a Bertend lenses attachment is used to 
-coated 
  
 
 
 
 
 
 
 
 
 
 
Figure 2 Surface topology of silver
6 mm. (A) AFM image of chirped amplitude grating. 
profile of chirped amplitude grating at x = 6 mm. The grating has an 
averaged pitch ~ 624 nm.
162
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(B) Cross sectional 
  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Amplitudes of the chirped grating along its spatial position. The 
amplitudes and error bars are calculated by analyzing AFM images. The 
spatial position corresponds to x
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-axis in Figure 1.   
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impact the optical responses of transmission peaks. For example, no information can be acquired 
from Eqn. (1) to predict the magnitude of the peaks. To understand more about how the 
amplitudes impact transmission peaks, we fabricated a chirped amplitude grating that has a fixed 
pitch but the amplitudes vary along its spatial position. Fig 1(A) displays a picture of  
the silver-coated chirped amplitude grating. The blue color from reflection from the grating has 
an intensity gradient. Strongest blue color shows at the left end of the sample. As the spatial 
position (x) increases the blue color starts to become lighter and disappears at the right end of the 
sample. The loss of blue light indicates the absence of diffraction at the right end of the sample. 
The periodic nature of the surface can be identified by optical diffraction. Figure 1(B) displays a 
series of optical diffraction images collected along the central spatial x-positions of the sample. 
The diffraction images are acquired via an optical microscope with a Bertrend lens that focuses a 
Fourier spectrum of the sample image on the camera’s image plane. The left end of the sample (x 
= 0 mm), indicated by the top diffraction panel in Figure 1B, has clear and strong diffracted spots 
(first order diffraction). As the spatial position increases (Figure 1A, x-axis), the transmitted 
intensity of diffracted spots in each corresponding panel becomes lighter (Figure 1B). For 
example, at x = 12 mm, diffracted spots have much weaker intensity compared to the spots 
shown in the top panel (x = 0 mm). A decrease in intensity of diffraction spots is due to smaller 
diffraction efficiency, an indication of a smaller amplitude value. Therefore, the series of 
diffraction images indicate qualitatively that the amplitudes of the grating gradually decrease 
from the left to the right of the sample. At x = 18 mm, almost no diffracted spots are observed 
and only the central diffuse spot from zero order transmission displays. This indicates that the 
surface is almost flat. Notably, both Figure 1A and 1B show decrease in diffraction along the x-
position and therefore indicate the nature of the chirped amplitude grating. 
  
 
 
 
 
 
 
 
 
 
 
Figure 4 The spectra of transmission ratio through silver
amplitude grating. The transmission ratio is obtained by dividing p
spectrum through the grating by s
flat surface. Transmission spectra are collected at different amplitudes ranging 
from 52 nm to 130 nm. For each spectrum, 50 independent measurements are 
taken and averaged.  All spect
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Figure 5 Maximum values of transmission peaks versus the amplitudes of 
the chirped amplitude grating. 
dividing p-polarized spectrum through the grating by 
um through a silver-coated flat surface.
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The transmission ratio is obtained by 
s-polarized spectra 
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A series of AFM measurements are conducted to examine the surface topology of the 
chirped amplitude grating. Figure 2A shows the sample’s surface topology at x = 6 mm (x- 
axis, Figure 1A) and Figure 2B is the cross sectional profile of the image shown in Figure 2A. 
The cross sectional profile indicates the averaged amplitude and pitch at x = 6 mm are ~ 86 nm 
and ~ 624 nm, respectively. A summary of the AFM measurements at several x-positions is 
given in Figure 3. The amplitudes are analyzed and averaged based on the cross sectional 
profiles of AFM images. At x = 0 mm, the averaged amplitude has a maximum value = 130 nm. 
As the spatial position increases, the averaged amplitude gradually decreases. A smallest 
amplitude is observed = 35 nm at x = 20 mm before the surface becomes flat. In addition, the 
pitch of the grating is analyzed base on all profiles of images and has an averaged value ~ 624 
nm. 
To evaluate the degree of enhancement of transmission peaks, transmission ratio is used. 
The ratio is defined as a p-polarized transmission spectrum through a silver-coated grating 
dividing by a s-polarized spectrum through a silver-coated flat surface. Figure 4 shows a series of 
transmission spectra collected at several amplitudes on the chirped amplitude grating at incident 
angle = 0°. Each spectrum shown in Figure 4 represents an averaged spectrum obtained from 50 
independent transmission measurements. At amplitude = 52 nm, a very small peak is observed 
has enhancement ~ 2.5. As the amplitude of the grating increases from 52 to 77 nm, the 
magnitude of enhancement gradually increases. The magnitude reaches maximum at amplitude = 
86 nm and has a value ~ 4.35. The enhancement decreases as the amplitude further increases 
from 93 to 130 nm. Therefore, the amplitudes of gratings impact the magnitudes of enhanced 
transmission peaks.  Figure 5 shows a summary of the enhancement versus the amplitude. It is 
clear that the magnitude of the enhanced transmission excited by SPR can be tuned and 
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maximized by the amplitude of the grating. In our case, the enhancement is largest at amplitude 
= 86 nm. 
We used PCGrate® to simulate the optical responses of transmission peaks by changing 
amplitudes of the gratings. Figure 6 shows a series of transmission ratio spectra at different 
amplitudes. The ratio is a p-polarized transmission spectrum from a grating over s-polarized 
spectrum from a surface flat surface. The input pitch is 624 nm and the thickness of silver is 40 
nm. The top spectrum in Figure 6 shows a small transmission peak at ~ 645 nm. As the 
amplitude increases from 52 nm to 86 nm, the enhancement increases and reaches maximum at 
86 nm. As the amplitude increases further from 93 to 130 nm, the enhancement decreases and the 
peak becomes broader. The simulation results are summarized and plotted as transmission ratio 
versus amplitude (Figure 7). It is evident that transmission ratio reaches maximum = 12.5 at 
amplitude 86 nm. Notably, both simulation and experimental results show that the magnitude of 
enhancement can be tuned and maximized by the amplitudes of the grating. It should be noted 
that the enhancements from simulation are greater than those from experiments. Possible causes 
could be minor differences in the grating profile, silver thickness, structural defects on the 
gratings, or limitations in the experimental optics, such as the nonlinearity of the light source. 
In Figure 8, diffraction efficiency of first order diffraction is plotted versus the amplitude 
of the grating. We used PCGrate® to simulate the optical responses of the grating at different 
amplitudes. The optical responses include intensity of diffracted, reflected, and transmitted light. 
Figure 8(A) shows calculated diffraction efficiency from first order diffraction. The diffraction 
efficiency used here is first order diffraction efficiency and is defined as the ratio of intensity 
from first diffraction over the intensity of incident light. The incident light is p-polarized (or 
transverse magnetic). Figure 8(B) shows relative diffraction efficiency versus the amplitude of 
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the grating. The relative diffraction is the intensity of blue light from first diffraction spots 
(details in supporting information). From Figure 8, the amplitudes clearly impact the diffraction 
efficiencies. Both the diffraction efficiency and relative diffraction efficiency increase as the 
amplitude increases and reach maximum as the amplitude reaches a critical value. For simulation, 
the maximum is ~ 0.25 at ~ 90 nm. The experimental results show the maximum is ~ 120 (a.u.) 
at ~ 90 nm. Both calculated and relative diffraction efficiency decrease as the amplitude 
increases beyond the critical value (~ 90 nm). Notably, simulation is consistent with 
experimental results. 
To examine how the diffraction efficiency impacts the transmission enhancement, 
diffraction efficiency is plotted versus enhancement ratio, as shown in Figure 9. Y-axis in Figure 
9(A) is calculated enhancement ratio (Figure 6) and enhancement ratio in Figure 9(B) is from 
experimental results (Figure 4). High diffraction efficiency has large transmission enhancement 
while low efficiency reflects small transmission enhancement. Evidently, diffraction efficiency 
tracks with transmission enhancement. Thus, surface plasmon resonance-enhanced optical 
transmission is strongly influenced by the performance (or diffraction efficiency) of the gratings. 
For grating-based SPR couplers, diffraction is needed in order to excite SPs which result in 
enhanced transmission. As the surface of the grating is almost flat (or has small amplitudes), SPs 
almost cannot be supported due to little diffraction and, thus, the magnitude of enhanced 
transmission peak is small. As the diffraction efficiency increases more intensity of light is 
diffracted. Increased intensity from diffraction contributes more to the intensity of enhanced 
transmission peak and thus the enhancement is higher.  
 
 
  
 
 
 
 
 
 
Figure 6 Transmission spectra of p
by simulation. The thickness of silver is set at 40 nm and incident angle is 0°. 
Transmission spectra are calculated at different amplitudes ranging from 
52 nm to 130 nm. 
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Figure 7 Maximum values of transmission peak versus the amplitudes of the 
grating. The transmission ratio is obtained by dividing p
through the grating by s
surface. The thickness of silver is 40 nm 
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-polarized spectrum 
-polarized spectra through a silver-coated flat 
and incident angle = 0°. 
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Figure 8 Diffraction efficiency versus amplitudes of gratings. (A) 
Calculated diffraction efficiency of first order versus the 
amplitudes of the grating. (B) Relative diffraction efficiency of first 
order versus the amplitudes of the grating. The incident light is 
transverse magnetic (TM), and incident angle is 0°. 
 
(A) 
(B) 
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Figure 9 Enhancement ratio versus diffraction efficiency. (A) Calculated enhancement 
ratio versus the amplitudes of the grating (B) Experimental enhancement ratio versus the 
amplitudes of the grating. The values of the ratio represent maximum values in Figure 4 
and Figure 6. 
 
 
 
 
(A) 
(B) 
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6.5 Conclusion 
Periodic nanostructured substrates are a sensitive yet robust platform to excite surface 
plasmon resonance and the optical behaviors of surface plasmons can be tuned by changing the 
topology of the substrates. In this work, we demonstrate how the amplitudes of a chirped 
amplitude grating can tune the optical responses of enhanced transmissions. Several magnitudes 
of transmission peaks at a fixed wavelength, which are due to the changing amplitudes, are 
observed in a single sample. A transmission peak having maximum (or optimized) enhancement 
appears at a critical amplitude. Comparison of the predicted transmission peaks from simulation 
shows a consistency in the behaviors of the transmission peaks. Knowing critical amplitude of a 
grating allows ones to design diffraction-based sensors that have highest SRR signal 
enhancement and, therefore, the detection limit of these sensors can be further improved. 
Supporting Information 
Figure S1 illustrates a series of diffraction images (that are produced by illuminating p-
polarized light) along the spatial position of the grating. The intensity of light source is set 
constant. The intensity of diffracted spots is acquired along the blue line and the sectional 
intensity profile versus the spatial positions of the grating is then plotted in Figure S2. Since the 
intensity output of same light source is set constant the degree of diffraction can be realized as 
how efficient the topology diffracts light. Thus, the intensity of diffracted light represents 
relative diffraction efficiency of the grating. Since we know the relation between the amplitudes 
and spatial positions (Figure 3), Figure 8B can be obtained. 
 
 
 
  
 
Figure S1 Optical diffraction images acquired at various 
     diffraction grating. An optical microscope with
     used to obtains the images.
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Figure 2S Cross sectional profile of first order diffraction intensity versus the spatial            
                 positions of the grating. The sectional intensity corresponds to the blue line      
                 shown in Figure S1. 
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CHAPTER 7 CONCLUSIONS  
This dissertation mainly focuses on surface plasmon resonance-enhanced optical 
transmission excited via diffraction grating couplers. First, the behavior of transmission, such as 
resonant wavelength and the magnitude of transmission, can be fine tuned by the topology (pitch 
or amplitude) of gratings. Second, a new spectroscopic technique is illustrated to monitor the 
thickness of thin films by utilizing grating couplers. Finally, complex optical responses from 
grating couplers are analyzed and indexed by utilizing dispersion images. 
In Chapter 2, we built a chirped grating that has varying topology. An innovative yet 
simple method is illustrated to obtain the grating. Numerous transmission peaks are observed and 
are due to the varying topology of the grating and several diffraction orders. The advantage of 
the grating is that the grating is an information-rich SPR sensor. Multitude of wavelengths 
provides a data set which can be used to determine both the thickness and refractive index of the 
film. We anticipate that the sensor based on the chirped grating can be designed as array-type 
imaging system. 
A new spectroscopic technique to monitor the thickness of thin films is presented in 
Chapter 3. A modified optical microscope with Bertrend lens attachment is used to image the 
optical responses of enhanced transmission peaks from first-order diffraction spots. The images 
recorded by a camera show capability to monitor the thickness of SiOx films. The technique 
presented here also shows the ability to quantify the thickness of thin films down nanoscale.   
Diffracting gratings are a platform for SPR and can be developed as a sensitive sensor. In 
chapter 3, we choose DVD gratings as SPR platform and, more importantly, we develop a new 
analytical technique to quantify and monitor the transmission from the first order of diffraction 
from gratings without a spectrophotometer. An optical microscope with a Bertrend lens that 
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focuses on the image plane of CCD camera is used. The camera readily acquires the information 
of the enhanced transmission peak from first order diffraction. We further demonstrate that the 
film thickness can be tracked by monitoring the change in the intensity profile captured by the 
camera. Thus, this technique and setup requires only a compact and portable microscope without 
using spectrophotometer. 
 In chapter 4, Kretschmann configuration is used to study the complex interaction 
between SPs and molecular resonance from a dye. A split of the dispersion curve is due to the 
quenching of SPs. Waveguide modes are observed as the thickness of ZnPC increases. 
Waveguide modes are also quenched in the absorption wavelength of ZnPC. The understanding 
of the interaction between SPR and MR allows the development of new optical sensor systems or 
optoelectronic devices. 
In chapter 5, we use dispersion images consisting of a series of transmission spectra to 
interpret rich yet complicated SPR signals. All modes of SPR from both front side and back side 
can be indexed by the use of dispersion images. We further illustrate that only SPs from the front 
side are sensitive to change in refractive index after deposition of a thin dielectric film on the 
metal/air interface. The optical information from the back side of an asymmetric grating 
complicates the interpretation of SPR data. To overcome this problem, one can fabricate a 
symmetric grating. Symmetric gratings have identical interfaces in the front side and back side 
and, thus, the optical output of SPR is simpler compared to asymmetric gratings. Moreover, 
symmetric gratings provide interaction of SPs between front and back sides and long range SPR 
which has higher sensitivity compared to SPR can be achieved. 
In Chapter 6, we fabricate a diffraction grating that has a constant pitch but varying 
amplitudes. We demonstrate how the amplitudes of a chirped amplitude grating can tune the 
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optical responses of enhanced transmissions. A transmission peak having maximum (or 
optimized) enhancement is observed at a critical amplitude. Increased enhancements are due to 
higher diffraction efficiency from first order diffraction. one can design a grating-based SPR 
sensor that higher signal-to-noise ratio by maximizing enhanced transmission peaks. 
One of the suggesting future work is to fabricate a high performance diffraction-based 
SPR sensor. High signal-to-noise ratio and improved resolution can be achieved by optimized 
grating topology. The maximized magnitude of transmission can be achieved by tuning the 
amplitude of gratings and can improve the signal-to-noise ratio. Sharp transmission peaks which 
has higher resolutions can be obtained by tuning the profile of gratings.  We anticipate that these 
types of nanostructured sensors will have increasing utility in sensing applications due to their 
sensitivity, flexibility, ability to be adapted into array-type imaging sysyems.  
 
 
